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ABSTRACT 


An estimation of changes in air temperature within the city, result- 
ing from urban expansion, is obtained for Edmonton. This is achieved by 
means of a comparison between Edmonton temperatures and temperatures at 
Wetaskiwin, a small community 40 miles south of the city. The comparison 
is based on daily maximum and minimum temperature data which were avail- 
able for a period of about 36 years. 

The substantial differences in latitude and elevation between the 
two stations require that caution must be used in attributing temper- 
ature differences to urban effects. In order to minimize the possible 
influences of factors unrelated to urban climate, the average temper- 
ature differences between Edmonton and Wetaskiwin are computed for two 
periods--1931 to 1940 and 1956 to 1965. Changes in the differences 
from the earlier to the later period are then computed, for both max- 
imum and minimum temperatures. These changes coincided with a popul- 
ation increase of 215,000, from an initial level of $5,000. 

For minimum temperatures, a substantial increase of 2.2°F in the 
Edmonton-Wetaskiwin temperature difference is found. It is shown that 
this increase probably gives a good estimate of the change in city tem- 
perature that resulted from urban expansion. In cold weather (temper- 
atures below O°F), the amount of the increase is found to be largest. 

It is also found to be inversely proportional to temperature in cold 
weather. This dependence on temperature probably indicates that space 
heating was a major determinant. In warmer weather, the increase in 


city temperature is found to be smaller (less than 2.0°F). It is shown 
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that city-country differences in radiation rates and release of heat stored 
in the urban fabric were probably determining factors in this case. 

To an extent, Edmonton-Wetaskiwin differences for maximum temperatures 
are found to be inversely proportional to maximum temperatures. Conse- 
quently, caution must be exercised in interpreting changes in these dif- 
ferences as having resulted from urban expansion. The average increase 
in city maximum temperatures computed from the change in differences is 
found to be 0.7°F, or about one third that for minimum values. 

On a seasonal basis, the increase in maximum temperatures is found 
to be least in spring, and greatest in early winter. The seasonal 
trend in daytime lapse rates and wind speeds indicates maximum disper- 
sion rates in spring, with a minimum in early winter. Consequently, it 
is postulated that these factors may have been dominant in determining 
the amount of increase in maximum temperatures. 

The city temperature data used are for the airport, which is located 
some distance from the center of the urban area. It is difficult to det- 


ermine how representative these data are of other parts of the city. 
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INTRODUCTION 


panee the middle of;the 19th century there has been a rapid increase 
I DOLNeLNe seize and theraumber of cities. “Asta result of Enis snttt an 
population from rural to urban areas, the large city is becoming the 
typical home of mankind. Urbanization has made the influence of the 
ety On Wan and his environment a matter of major importance. LG is the 
intent of this thesis to investigate one aspect of this urban develop- 
MCNE-=Vesmer feck Upon air (Lemperatures within eEheleity. 

A number of studies have been conducted in an attempt to measure 
the effects of urbanization on temperature. For the most part these 
studies fall into two categories: the comparison of city temperatures 
with those at an adjacent rural station for a specific time period 
(commonly 5 or 10 years), and the detailed study of city temperature 
patterns based on data collected by means of some type of mobile re- 
cording equipment. This latter approach generally involves measurement 
of temperatures at a larger number of points in the city, within a 
short period (typically 1 or 2 hours), by means of some type of ther- 
mometer attached to a motor vehicle. The recorded data are then used 
to construct isotherms which represent what is effectively the hori- 
Zonal vOLsEr i DULLOneOk temperatures in) the Cily at pan winsbant of time, 

Both these methods have serious shortcomings. The comparison of 
temperatures between urban and rural sites for a specific period gives 
some measure of urban influences; however, topographical or other non- 


urban factors may influence the data. The study of urban temperature 
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structure by use of mobile recording devices provides quite detailed 
data. Unfortunately, the amount of work involved in measuring temper- 
atures throughout the city generally limits the number of situations 
that can be studied. Consequently, it is not usually possible to make 
generalizations about city temperature from the limited number of cases 
available. 

There is one approach to the problem of city temperature which 
avoids some of the difficulties inherent in the two methods discussed 
above. This approach involves the comparison of city temperatures with 
those at a rural site. However, instead of computation of mean city- 
country temperature differences for a single period, mean differences 
are computed for two periods between which there is considerable change 
in ‘the size ot the city. The change in the méan differences from the 
earlier to the later period is then computed. By use of this method, 
the influence of non-urban factors such as topography should be min- 
imized, because their effects will tend to be much the same in both 
periods. Consequently, the computed changes in difference should more 
accurately reflect urban growth. 

This approach is not without limitations. Because it is not usually 
possible to obtain temperature data in suitable form for an early period 
in which the city was very small, the computed change in city-country 
temperature differences must normally represent the expansion of the 
city beyond an initial period in which the population was sufficiently 
large to have already substantially influenced city temperatures. In 
other words, the computed changes in city temperatures represent a 
change from one level of urbanization to another, and consequently may 


not give a true picture of urban-rural differences. 
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This method of two-period comparison of temperature differences is 
best suited for use for a city where there has been a relatively large 
change in city-country temperature differences over a fairly short period 
of time. This normally implies two conditions--an environment in which 
urban effects produce substantial city-country temperature differences, 
and a rapid expansion of the city itself. Edmonton meets both of these 
requirements. Since the 1940s, it has been one of North America's fast- 
est growing cities. The low temperatures prevalent in the city for 
much of the year require high levels of space heating. Heat from this 
source can be a major cause of city temperature excess, relative tu.the 
surrounding countryside. Additionally, these low temperatures are 
often associated with stable atmospheric conditions and light winds. 

This combination tends to minimize the avepeeenen of urban effects. 

The estimation of the amount of temperature change in the city 
resulting from urban effects is of limited value unless some explanation 
of the cause of these changes can be given. The lack of an adequate 
theoretical assessment of urban climate makes this explanation difficult. 
Nonetheless, in addition to the computation of the changes in Edmonton's 
temperature, an attempt is made, within the limits of the data available, 
to relate these changes to such factors as stability and wind. Addi- 
tionally, the difficulties and limitations involved in using city-country 
temperature differences as an estimate of urban influences are discussed 
in some detail. 

A review of the literature indicates that computed values of city- 
country temperature difference vary considerably from one location to 
another. There is generally little explanation given for these dis- 


crepancies. These differences probably arise partially from differ- 
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ences in climate and topography. Consequently, for this study of Edmon- 
ton, considerable effort is made to describe the local topography, and 
to give a detailed description of the climate, relative to the climate 


of some other major cities. 
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CHAPTER I 
INTRODUCTORY REMARKS ON URBAN CLIMATE 


General 

The climate over small areas of the earth's surface (microclimate) is 
the product of a delicate balance among numerous factors, oth in the air 
and on the ground. The smallest changes in the local environment can, 
therefore, significantly alter the associated microclimate. The establish- 
ment and growth of urban areas result in a multitude of often drastic en- 
vironmental changes. The changes are not only those of a relatively per- 
manent nature, such as the addition of buildings and roads, but also in- 
clude those of a more fluid nature involving a multitude of human activ- 
ities. in termsjof climate, the city is not really an entity, but a com— 
posite of the innumerable microclimates associated with its highly ir- 
regular form. In addition to varying with the large-scale weather patterns, 
these small-scale climates are also influenced by the continually changing 
nature of the city and the human activities within it. The term "city 
climate," therefore, implies an average value, and this average, or whole, 
will not, in many circumstances, adequately represent many of its parts. 
When data are available from only a limited number of points within the 
urban area, such as is often the case with temperature, care must always 
be taken to ascertain the representativeness of the values. In many cases, 
data collected at a point may strongly reflect unique influences found 
only in the immediate area. 


The rural climate to which the city is usually compared is also a 
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composite of many individual microclimates. Although these small-scale 
climates usually tend to be more homogeneous than in the case of the city, 
variations in such things as soil, vegetation, and topography can often 
play an important role in influencing the local weather. 

In spite of the many variations within and between cities, it is pos- 
sible to enumerate a mumber of factors which, to a greater om lessen extent, 
serve to distinguish most urban climates from their rural counterparts. 

In the remainder of this chapter an attempt will be made to outline the 
more important of these. 
Air Pollution 

Mim Oven Ehe City Cirten contains Llaree quantities of contaminents. 
This air pollution consists of both particulate and gaseous matter. Ex- 
cluding water vapour, which ig not usually considered as pollution, it is 
the particulate matter associated with pollution that, for the most part, 
affects the transmission of radiant energy through the atmosphere. This 
particulate matter is not a unique by-product of human activity——-much of 
it results from natural causes, especially the entrainment of dust from 
the earth's surface. Nonetheless, cities normally produce substantial 
quantities of particulate matter, with industry, space heating, power pro- 
daction, incineration, and motor vehicles acting as the major sotrcées, In 
cities located at low latitudes, where insolation is particularly intense, 
atmospheric photochemical reactions involving hydrocarbons and oxygen act 
as another major source of particulate matter. Compounds required for 
these reactions are produced primarily by internal combustion engines and 
the petroleum industry. 

Some idea of the effects of urban development on particulate concen- 
trations can be gained from data provided by the U.S. Department of Health, 


Education and Welfare (1961), which has tabulated mean values for cities 
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of varying sizes, as shown in Table I-l. 


TABLE I-1 - SUMMARY OF NASN®™ SUSPENDED PARTICULATE SAMPLES FOR 
URBAN STATIONS BY POPULATION CLASS, 1957-63. SOURCE: U.S. 
DEPARTMENT OF HEALTH, EDUCATION, AND WELFARE (1961), 
AND SUPPLEMENTS FOR 1962 AND FOR 1963 


Population No.of No. OL Mean 
class Samples Stations (zgm/m ) 
i; Bx10° 316 Zz 182 
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Tes a sae 484 6 80 
9.210" 150 5 100 
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“National Air Sampling Network 


Stations participating were members of the National Air Sampling Network. 
The anomalously high value for small communities is somewhat difficult to 
explain. Although, according to these figures, large cities have mean 
concentrations as much as sixfold higher than rural (background) values, 
it is of interest to note that expansion of a city from 50,000 to 400,000 
people produces an average pollutant increase of only 20 per cent. It 
must be borne in mind, however, that there wiil be considerable variations 
in these values from city to city, as a result of differences in sources 
and climate. 

The interaction of the constituents of the atmosphere, including pol- 


lution, with the radiant energy traversing it is extremely complex. 
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Although analysis of the total problem is currently rather incomplete, 
some useful statements can be made. At this point we are concerned prim— 
arily with the effects of the urban pollutant veil on incoming solar rad- 
dation. A number of studies indicate that, over large cities, insolation 
is generally reduced by about 10 to 30 per cent by this veil, which acts to 
scatter and absorb incident radiation. In addition to its dependence on 
particulate concentration, the amount of attenuation will be influenced 
by the size of the particles and the angle of the sun (which determines 
the length of path). Table I-2, after Steinhauser (1934), gives mean 
Valdes so the reduction of total radiation received at the surtace im) the 
city, as a function of season and angle of the sun for Vienna, Leipzig, 
and Frankfurt. 

TABLE I-2 —- PERCENTAGE LOSS OF INCOMING RADIATION 


IN CITY AIR AS COMPARED TO COUNTRY AIR. 
SOURCE: STEINHAUSER (1934) 


Solar elevation angle (degrees) 


10 20 30 45 


Winter 36 26 21 ee 
Spring Zo 20 he) 11 
Summer 28) 21 18 14 
Bad 34 23 19 16 


Table I-3 gives similar data from Emslie (1964) for Toronto. Both 
sets of measurements indicate maximum attenuation in winter, with the 
minimum in spring. This seasonal variation corresponds to the seasonal 
variation in pollution concentrations. The fact that Emslie's values 


were higher on Wednesday than on Sunday presumably indicates the importance 
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TABLE I-3 - PERCENTAGE LOSS OF SOLAR RADIATION IN 
TORONTO IN COMPARISON WITH A SUBURBAN STATION 


SOURCE: EMSLIE (1964) 


Wednesday Sunday 
Winter sess Bao 
Spring Siok Dis 
Summer Th alls ed 
Fai eS} Aig 
Annual 6.6 4.6 


of industry and perhaps motor vehicles as pollution sources in the city, 
especially in winter. It is not readily apparent why the Toronto figures 
are so much smaller than those for the European cities. It is conceivable 
that the station used by Emslie for comparative purposes (9 miles east of 
the city center) was not at a sufficient distance to be free of urban in- 
fluences. 
Fog 

The large number of condensation nuclei, combined with the moisture 
release associated with some types of combustion, tends to increase the 
Eeeducney vob, £02 OCCU Hence Over §Lie Clty, serving sO reduce sin puer. tle 
solar energy reaching the ground. For Edmonton (population 160,000 at the 
time) Robertson (1955) found that the release of water vapour from com- 
bustion of natural gas could, in very cold weather, reach values as high 
as ),000 tons per day. He suggested that the hieh frequency of occurrence 
of dense (visibility less than five eights of a mile) winter fog in the 
city--64 hours per winter as compared with 33 hours in a nearby small com- 
munity--was related, at least in part, to this moisture release. For 
Paris, Maurin (1947) gave a city-country comparison of the number of days 


with fog reducing visibility to less than 1 mile, as shown in Table I-4. 
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TABLE I-4 - FOG DAYS FOR PARIS, 
SOURCE: MAURIN, (1947) 


Winter Summer 
CLey 350 49 
Country 60 6 


Values given are pér 1,000 days. The substantial increase in the occur-— 
bence Of £Os in the city as apparent. 
Albedo 

Some compensation for the loss of solar energy over the city as a re- 
sult of fog and pollution is probably provided by a decrease in albedo, 
although data on this point are scant. Kung, Bryson, and Lenschow (1964) 
have estimated that, in the absence of snow cover, cities cause a reduc- 
tion of albedo of about 10 per cent. Since snow serves to reflect about 
90 per cent of incident short-wave radiation, it seems probable that melt- 
ing, snow removal, and the large number of snow-free vertical surfaces in 
the city would serve to reduce its albedo considerably relative to the 
surrounding countryside in winter months. 
Artificial Heat 

The artificial heat released in the city rarely has any counterpart 
in the rural environment. [It is a result primarily of industrial activity 
and space heating. Power production and motor vehicles may also make 
Sigpnieicank COntGipuLions., Vardous estimates of tie total artipicial 
energy produced in different localities, relative to the amount received 
from solar radiation, have been tabulated by Kratzer (1956), and are given 


in Table 1-5. These figures indicate that artificial sources make a sub- 
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TABLE I-5 -— RATIO OF ARTIFICIAL ENERGY 
TO SOLAR ENERGY FOR VARIOUS CITIES 
SOURCE: KRATZER (1956) 


Vienna 1/4 -=— 1/6 


Berlin 1/3 
Sheer nelid iLi> 


stantial contribution to the total energy supply. However, it must be 
born in mind that urban heat is highly subject to ventilation effects. 
For example, Mindling (1911) estimated that the air over a city as large 
as New York is changed, on the average, twenty-four times per day. This 
led him to suggest that figures such as those in Table I-5 should be 
divided, roughly speaking, by twenty-four. 

Generalizations about artificial heating in cities are difficult to 
make because of major differences from one city to another. For example, 
the relative importance of space heating compared to industrial heat sup- 
ply varies markedly, depending on such things as the coldness of the clim- 
ate and the nature and location of industrial development. 

Atmospheric Mixing 

Having considered energy input to the urban environment, let us now 
examine the ways by which excess energy is dissipated. Putting aside rad- 
iation effects for the time being, the major process by which energy loss 
occurs is atmospheric mixing with the surrounding environment. Dilution 
of atmospheric pollutants is also brought about primarily by this mixing 
process. 

Since molecular diffusion is a relatively insignificant factor under 
most meteorological conditions, mixing is due primarily to turbulence 


(eddies). The turbulent energy available may be classified either as 
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mechanical or thermal. The former is produced primarily by wind shear, 

the latter by buoyancy forces which often arise from temperature differ- 
ences between the ground and the air above. In the context of the inter- 
action between wind and the earth's surface, mechanical turbulence is pro- 
portional to wind speed and surface roughness. Above the surface, mechanical 
turbulence increases with increasing vertical gradients of wind velocity. 

Thermal turbulence is associated with convection, which normally re- 
sults from air being cooler than the underlying surface. This relative 
warmness of the surface is usually a result of extensive heating by sun- 
light or advection of cooler ae Sane ee surfaces. Heat released by 
urban areas can also play a part. 

Strong low-level winds will always cause some turbulence, and hence 
mixing, regardless of stability. Persistently strong winds can gradually 
weaken or destroy an inversion by means of this mixing process, which tends 
to create uniformity in the vertical. The low-level wind flow is dependent, 
however, to a considerable extent on the flow at higher levels for its en- 
ergy. Since downward momentum transfer will decrease with increasing stab- 
ility, light surface winds are normally associated with highly 
stable conditions. On the other hand, unstable conditions facilitate vert- 
ical momentum transfer and hence tend to increase surface wind, although 
this is balanced to some extent by the fact that markedly unstable con- 
ditions are often associated with weak winds aloft. This coupling of upper 
and lower winds through momentum transfer will normally tend to reduce the 
winds at higher levels. 

In general then, stable conditions, and the relatively light winds 
often associated with them, tend to minimize mixing between the urban 


area and its surroundings, while stronger winds and less stable conditions 
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act in an opposite manner. A quantitative assessment of this mixing pro- 
cess is easiest to obtain through consideration of pollutant concentra- 
tions, because these are more readily measured than heat and momentum 
fluxes. Table I-6, after Ginner and Hess (1937), gives nuclei count as a 
LunetLon Of wind Speed for city cqnteane” The rapid increase in mixing 
as wind speed increased is apparent. 


TABLE I-6 - CITY NUCLEI COUNTS AT DIFFERENT WINn SPEEDS. 
SOURCE: GINNER AND HESS (1937) 


Wind Speed (m/s) 


0 al Z eed 4 5) >5 


Summer 18300 17400 15300 11300 4700 3200 1600 
Winter 32400 29000 26600 20100 “13400 8100 Se 


A relatively small wind speed of 4 m/s reduced concentrations to less than 
half the value for calm conditions. 

The increased surface roughness of the city also serves to convert 
an increased amount of the energy of the flow into turbulent energy. 
Consequently, the decrease of city wind--commonly 10 to 20 per cent--re- 
sulting £rom this) surtace roughness, does not necessarily indicate re— 
duced ventilation. Any reduction in wind flow may also be compensated 
at times by increased instability over the city. This instability is a 


product of increased city heat, and serves to increase wind speeds by 


——— 


ponents the original paper was not available, these figures were ob- 
tained from Kratzer (1956) who failed to specify what city (or cities) 
the data represent. 
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enhancing downward momentum transfer from the winds aloft, as pre- 
viously discussed. 
Long-Wave Radiation 

Long-wave radiation is a major sink of energy, both in the city and 
the country. As Pees ation traverses the atmosphere, it is attenuated 
primarily by water vapour, carbon dioxide, and particulate matter. For 
the 3 to 30 micron range in which most of this radiation is emitted, 
there is a major "window'' in the water vapour-carbon dioxide absorption 
spectrum between 8 and 12 microns. This "window" coincides with the 
region of maximum emission, and it is here that the city can serve to 
reduce net emission by virtue of its increased pollutant concentrations. 
There is a dearth of quantitative assessments of this reduction. Robinson 
(1947, 1950) has estimated for. London (Kew Observatory) an average de- 
crease in long-wave radiation of about 10 per cent compared to the sur- 
rounding country for nights with visibilities greater than 1,500 meters. 

There appears often in the literature the suggestion that radiation 
between buildings and other irregular features of the city may serve to 
reduce the net upward flux of radiation. Apparently there is no concrete 
evidence to support or repudiate this theory. The increased amounts of 
fog generally associated with cities will also act to reduce outgoing 
radiation under some conditions. 

Rain may serve to reduce attenuation of long-wave radiation by re- 
ducing the concentration of larger-sized particles in the city air. As 
rain droplets fall they accumulate particles whose sizes, according to 
Haagen-Smit and Wayne (1968), exceed 2 microns in diameter. Again, there 
is little quantitative assessment of this effect. Smith (1964) has, how- 
ever, computed from a rather idealized model that a rainfall of 0.2 inches 


per hour would decrease, in less than 2 hours, large particle concentration 
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Latent Heat Effects 

The combination of extensive waterproof areas and large scale drain- 
age systems in the city expedites removal of surface moisture. The 
resulting reduction of evaporation frees energy for other processes 
such as heating. On the other hand, additional moisture is added to the 
urban environment as a result of various human activities. The watering 
of lawns, the washing of streets, and various industrial processes are 
examples, It is not clear whether the net effect of these various factors 
is to increase or reduce the amount of available energy converted into 
latent heat. Additionally, the formation and dissipation of the excess 
amounts Of fog over the city can act as a sotirce or sink of sensible 
heat in some instances, 
Storage 

The extensive use of such materials as stone, brick, and concrete 
gives the city a higher heat capacity than the surrounding countryside, 
This increased ability for heat storage is enhanced by an increased 
ability for downward conduction. Consequently, the city acts as a aleve 
fesenrvoir, tending initially to héat more slowly, then to “cool more 
slowly later in the day as stored heat is released. Again, quantitative 


assessment of this effect is lacking. 
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CHAPTER IT 


CITY TEMPERATURE 


Mean Temperature 

Having considered various factors affecting the city's energy budget, 
let us now attempt to relate this information to the observed temperature 
differences between city and country. The large number of variables in- 
volved, combined with a serious lack of quantitative assessments, makes 
theory difficult to relate to observation; nonetheless, it is possible to 
make some generalizations. 

From a variety of sources Kratzer (1956) has compiled a list of mean 
city-country temperature differences, reproduced in Table II-l. 


TABLE II-1 - MEAN CITY-COUNTRY TEMPERATURE DIFFERENCES (D) 
PORDVARLOUS CLTLES «  SOURCH: KRATZER ACLO56) 


Carty Period DGG) escauty Period DGC) 
Paris 1816-60 0.7 Milan 1921-24 13 
Moscow 1901-10 Os If Jersey City 1917-27 a lksee’ 
Nuremberg 1922-31 0.9 London 1310-12 0.8 
Berlin 1881-1910 1.0 Washington 1920-24 0.6 
Cologne 1912-31 0.8 Leningrad 1901-10 O57 


Table Iil-2 liste mean differences for cities of diftérent sizes, atter 
Landsberg (1956). Both sets of data indicate a net warming of about 0.6°C 
to 0.9°C on the average. This increase is probably a result primarily of 
artificial heat release within the urban area, and the reduction of heat 


loss by long-wave radiation due to pollution and interception by buildings. 
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Decreased albedo may also play a part. 


TABLE II~2 —- MEAN CITY-COUNTRY TEMPERATURE DIFFERENCES 
AS A FUNCTION OF CITY SIZE. SOURCE: LANDSBERG (1956) 


Noe of “Cities Population " Difference Ee 
10 over 1,000,000 ie 
10 500,000 - 1,000,000 a op 
10 , 100,000 - 500,000 oD 


In terms of urban expansion, it is important to note that Table II-2 
illustrates the fact that the major part of the city's temperature excess 
develops when its size is less than half a million people. Growth above 
this size, on the average, produces only modest increases in this excess. 
Tie veasom fOr this is 0b” Well understood. “Penhaps there is a tiresnold 
in size above which a centrally located observing station is insulated under 
most conditions from intrusions of relatively unmodified country air. In 
the city, the reduction of incoming solar radiation as a result of in- 
creased pollution and fog would cause, in the absence of other factors, a 
decrease in temperature. The fact that cities are generally warmer than 
the adjacent country indicates that other factors must more than compensate 
fOL this reduction. 

The Diurnal Variation in City Temperature Excess 

Before proceeding with a discussion of differences in terms of max- 
imum and minimum temperatures, it is necessary to consider how represent- 
ative these values are of the diurnal variation. Typical exemples 


Of this variation are given in Table Il-3 for Bremen, atten Mey (1933)% 
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TABLE II-3 — DIURNAL VARIATION IN CITY-COUNTRY TEMPERATURE 
DIFFERENCE FOR BREMEN (°C). SOURCE: MEY (1933) 


—— 


Pansverinces? Nl vieae Gemeae «2108's. 14 ©-50iee e20N Boosey 


January adi <o : 
June De 2k Le 


In winter, the maximum difference generally occurs in the evening, with a 
gradual decline in difference through the night. This decrease normally 
becomes more rapid after sunrise, with the minimum difference occurring 

in the afternoon. In summer, the maximum difference tends to occur later-- 
around midnight. There is a small decrease in difference through the re- 
mainder of the night followed by an abrupt decrease after sunrise as the 
country warms more rapidly. As in the winter, minimum difference tends 

bo -ecCUbein the ficstehalh of the alternoon., Sit istin this latter. period 
that maximum temperatures are usually recorded. Consequently, city-country 
difference at maximum temperature time often represents the minimum in the 
diurnal variation of this difference. On the other hand, minimum temper- 
atures, while often not occurring at the time of maximum difference, gen- 
erally occur at a time when this difference is relatively high. The’ day-— 
time minimum in the city's temperature excess probably results primarily 
from the fact that solar heating decreases stability and hence increases 
ventilation and mixing. Loss of heat to storage and by attenuation of 
incoming radiation may also be major factors. 


Seasonal Variations in City-Country Temperature Differences 


By comparing the annual march of city—country temperature difference 
to the seasonal variation in parameters which could affect this differ- 


ence, it might seem possible to evaluate the relative importance of these 
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15 
variables, and thus partially overcome the lack of theoretical assess- 
ments. In practice there are two major difficulties associated with this 
approach. First, the number of influential factors is substantial, and 
their nature varies considerably from one city to another. The second 
difficulty involves the actual temperature data. Most of the observ- 
ations involve single-period comparisons between the city and an adjacent 
country station. In other words, mean temperature differences are com- 
puted for, say, a single ten-year period. Many of the differences found 
through this approach may have arisen from topographical or other factors 
unrelated to urban influences. 

imj-spute of the above ditticulties, dt ds stall of malue, to consider 
seasonal variations. Table II-4 shows seasonal variations for four cities, 
the first two of which are somewhat typical. The other two indicate the 
anomalous results often obtained. Data are for Munich. London (Howard 
(1833)), Lyons (Piery (1946)), and Vienna (Francini and Lauscher (1952)). 

For mean temperatures, the city excess tended to be maximum in fall, 
minimum in spring, in the typical cases of Munich and London. Lyons, on 
the other hand, had a maximum in spring, whereas Vienna showed little 
seasonal variation. For the two cases where data were subdivided into 
maximum and minimum values, it can be seen that the maximum temperature 
excess was greatest in December, For the minimum values the excess was 
greatest, roughly speaking, in the fall in the more typical Munich case. 
it should also be noted that, for a considerable portion of the year, 


Munich was cooler ihan the country at maximum temperature time. This is 


he data ,or Munich come from Kratzer (1956), who omitted the 
original reference. 
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TABLE II-4 - SEASONAL VARIATION IN CITY-COUNTRY TEMPERATURE 
DIFFERENCE FOR VARIOUS CITIES (°F) 


Month J F M A M J 4} A ) O N D 


Munich® 
Mean dev te Orem Open LeG al oye: lS as () eee ee eee tone gta os 
Max. OF0 480 sl =053 0.3 =056 20 ibe =075e=1LGeeles —0.5 10735 1027 
Min So eek 1 Bees Oe eso Blo Vala oak get eo ee 
London 
Mean Davalos le oem Ono. Ona. ler. ie (lowe eed me aN) ae El 7 
Lyons 
Mean Ora Oe Om O. 6. le FSO 0) 7028 3 02 O06 m0. bm O ne Le 6 
Max. OF ts a0 ee O oie 10-3 40es) 2 Oo eeO rina CES Ose OeG ml 0 
Min LO RRES AO Sy hy ici ea eA Oana eR RALS SO Pe atcts T6hccie keh AO ite) YA Me 
Vienna 
Mean Oe aw Ole Oe erly Oa ah ae On) Oa Oe Grrr) mae) oeuet O97 O27, 


*p. Albert Kratzer The Climate of Cities, trans. American 
Meteorological Society Translation Service. Air Force Cambridge 
Khesearchs Paboratories, bedford, 91956,0p. 69%) (Cinasstcgagcecondary 
source--Kratzer omitted the original reference.) 


ee Howard, The Climate of London Deduced from Meteorological 
Observations Made in the Metropolis and at Various Places Around It. 
SEC Fed cits i., eLONCOR= 1050, (1p. 235, celled by Kratzer, Op. Clit... Pp. 07. 


“uM. Piery, Le’ Climat de Lyon et de la Region Lyonnaise. 
Mela, byON, 1946,.9p-).00,, clted by Kratzer, op. Cll. jp. 70% 


lee Francini and F. Lauscher, ''Neue Temperatur- 


normalwerte, ftir das Stadtgebiet und die Landschaft um Wien," 
Wetter und Leben, Vol. 4, 1952, pp. 1 ff., cited by Kratzer; 
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not an unique case--temperature excess in the city in the afternoon is by 
no means a universal effect. The typically small magnitudes of these max- 
imum temperature differences require that extreme caution must be exercised 
in interpreting the differences as resulting from specific urban factors. 
Pinos y . 316 should be noted that, even though there is considerable vari- 
ation from city to city in the data of Table II-4, these cities do not 


drastically differ from one another in-climate. 


2 
ha vt chan aaih, (ainangeee, 


ho hod He alae } on f) ae 


1Ssvke we - 
Pa ; 

nT wi 1) Mtn Fir a5 i oti 7 

=) 7 7 ; 

7 wt wad vei weTa34 F eee | Bit things 1-7 BADAa ie aiid a 

Ue ee i. 4 

Ae by vo wile eh! ih a ® i okt) dpc i ng gy in f aa wil ‘ 7 


gi sto, ahals ion A fm ol o al stot 4 
; ae 
: ait 


> 
. 4 


i . 7 : 


- 


Ly 

Stability, Wind and City Temperature 

Stable conditions over the city should tend to enhance its temperature 
excess by trapping artificially created heat and, in the case of minimum 
temperatures at least, by increasing pollutant concentrations. Unfortu- 
nately, specific data are limited. Some data relating city temperatures 
to wind are available, however. As previously discussed, wind is related 
to stability to some degree. Consequently, wind data give some measure of 
stability, with light winds implying more stable conditions. The relation 
between wind and city-country temperature difference for Paris, after 
eth (1927), is shown in Table II-5. Only minimum temperatures were 
considered. 

TABLE II-5 - DIFFERENCES IN MINIMUM TEMPERATURES (°C) 


IN RELATION TO CLOUDINESS AND WIND SPEED. 
SOURCE: BESSON (1927) 


Mean Cloudiness Wind Speed (m/s) 


C2010) set a2e4 ee >5.0 All Winds 
O20 5=22.0 Sho oe ee O32 2.6 
Pelee 0 25g) Dae 1.4 0.7 (550) 
ee (6.0 Prowl Died O29 0.8 LE 
One <6. 0 138 lesa 0% OZ 0.8 
8.1 -10.0 se) 0.8 0.8 Ohet 0.8 
0.0 —10.0 2.4 ed, Oe 0.4 1.4 


The rapid drop in city excess with increasing wind is apparent. It should 
be noted, however, that even with night winds as high as 3.8 m/s, there was 
still a substantial temperature difference. The effect of wind appeared 

to diminish with increasing cloudiness. Based on data from seven cities, 
Fuggle and Oke (1968) have constructed a graph to indicate critical wind 
speed for the effective elimination of the urban heat island. This graph, 


reproduced in Fig. II-1, also indicates the persistence of urban influences 
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(M/S) 


CRITICAL WIND SPEED 


1o4 109 
POPULATION 


Pie, Ii{-l. Critical wind speed for elimination of the urban 
heat island. Source: Fuggle and Oke (1968). 


under quite strong winds, with speedsof 15 to 25 mph being required for 
elimination in large cities. 

Table II-6 gives values of the frequency of occurrence of inversions 
based below 500 feet for various American locations, after Hosler (1961). 
The figures are based on radiosonde data which were generally available 
only on a twice-daily basis. Consequently, the values given should be 
considered only as estimates. Apparently, Hosler did not take into account 
local factors such as topography. It is possible that this could have 
caused significant errors for some locations. The values are generally 
representative of suburban or semi-rural areas. According to Hosler, these 
figures agree closely in most cases with frequencies of inversions based 


on or near the ground. Figures included in Table II-6 for Edmonton are 
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TABLE II-6 - LOW-LEVEL INVERSION FREQUENCIES FOR 
VARIOUS LOCATIONS. SOURCE: HOSLER (1961) 


Season W S) S F Season W S S F 
Omaha LSS aS ce ee: Detroit 259, 34° O53 49 
Seattle ae) Zz) Zu o7 Bismark 42 28 Z9 Sy) 
Miami 75 ee ee Lome Glasgow yO ETE) SS gi 
New York LA etOr LO 26 Washington 25 eS 24 S32 
Denver 43°) 30) 9" 35.) 43 Pittsburgh 2Ae Sl 27, od 
Los Angeles Ome Oyo eas Atlanta 38 317 = 29 3S 
Chicago 29. 39 72 47 ~~ ¥dmonton* Gh a eeeh aokien he 


a : 
Edmonton data are not directly comparable to the other values (see 
Bent) 


not strictly comparable to Hosler's data. These values will be discussed 
in another chapter. Hosler's data indicate considerable variation in 
atmospheric stability with location and season. Where local factors such 
as lakes do not play a part, inversion frequencies are, on the average, 
maximum in fall or winter, with a minimum in spring or summer when solar 
Heating errects are greatest. 

Table II-7 gives monthly mean wind speeds for various North American 
centers. Data are from the United States Weather Bureau (1962) and Canada 
Department of Transport (1968). About 75 per cent of the stations listed 
are located on the outskirts of urban areas; most of the remainder are 
well within the city. As previous discussed, these city values will gen- 
erally tend to be lighter than those recorded in rural areas. Edmonton 
data are for the city airport. These data, in general, show a very definite 
seasonal pattern, with winds maximum in late winter or early spring, min- 


imum in summer. 


It is apparent from the inversion and wind-speed data above that the 
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TABLE II-7 - SEASONAL VARIATION IN WIND SPEED (MPH) FOR 
SELECTED NORTH AMERICAN STATIONS. SOURCE: CANADA 
DEPARTMENT OF TRANSPORT (1968) AND U.S. 
WEATHER BUREAU (1962) 


Month a F M A M 44 
Edmonton esa l Cao ono Oe 10:35 1020) 
Winnipeg 122 Neal 12.9 14.2 1360 20 
Toronto ia) 12 1073 LO. Le: 3.10 
Halitax = Ove aoe 1456 1320 C4 INO) 25 
Fairbanks: Bree Emce: 4.8 ee) 6.9 6.4 
Seattle eke: 8.0 8.6 Sn Whe | 7.6 
Los Angeles bed One oie) 6.6 G3 See 
Denver Jere: LOS0 LOS] lO) 1OIEO hese) 
Omaha ee 1S Ue eZ rSi7 i eee) NO 
Chicago HAT gal ines 116 LOK 2 oa hes 
New York el ee lpkes 10.8 Or) 8.4 
Atlanta a Si hnge' UL ae) 10.9 On 8.4 
Birmingham 9730 OS 1020 Dae 726 ory 
Miami oe SE) De) 102 OTL Sou. 
Month J A S e) N D Yearly 
Edmonton 3.9 One. O76 Sad eee) oa Si 
Winnipeg 10.3 LOrS ieileses U2nO thks NE ee ees 
Toronto ef Se4 oak LOMO ONG) O58 Od 
Halifax 8.6 Su/ OR, 148 LSe4 Tome 
Fairbanks 6.0 See) Dsl6 Dae 323 oyeue 35.0 
Seattle pou 6.8 6.2 Gao dak 1 ae 1 
Los Angeles eo Se: D3 Died, O30) cine: ee? 
Denver 0) 2.6 8.6 8.6 oS) Se) 9.6 
Omaha ore Ores: LOZ Lome ds: ole lens 
Chicago xe) Ue sheer! 9.4 14 1 Oe LOL 
New York 728 Ufo) a. hee AO a OWS 6 Or 
Atlanta 7.8 ho ona Oud Om 10,3 ei 
Birmingham 6.2 De Thee Suse) Oye 8.4 7.9 
Miami ded: PSO Si 8.6 92.0 S29 8.8 


seasonal variations of these two factors are somewhat out of phase. If 
both factors are accorded equal importance in terms of atmospheric dis- 
persion of urban pollution and heat, this mixing process would be, on the 


average, maximum in spring when winds are strong and inversion frequencies 
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Zu: 
generally low. The time of minimum mixing is more difficult to deter- 
mine. It would appear to occur in late summer or early fall on the aver- 
age. It would therefore be expected, on the basis of inversion frequencies 
and wind alone, that urban temperature excess would be minimum around March, 
and maximum about September. 

Artificial Heat 
Table II-8 gives United States Weather Bureau (1962) and Canada De- 
partment of Transport (1967) values of Heating Degree Days for various 
North American cities. 
TABLE II-8 - HEATING DEGREE DAYS* FOR SELECTED NORTH AMERICAN 


LOCATIONS. SOURCE: UNITED STATES WEATHER BUREAU (1962) 
AND CANADA DEPARTMENT OF TRANSPORT (1967) 


Month df F M A M J J A S O N Db)  Weyeevil 


Edmonton 180 141 132 78 42 20 = LOM 113 40 67 Visa 59 924 
Winnipeg 202 165 147 72 38 14 4 6 36 OS) L240) 2 1033 
Toronto i 3 lh I oi, 59 28 8 i 3 14) 43 (32 113 671 
Halifax 124° “ied LO7 72 a2 25 8 6 ib!) 45 12° VO] es) 
Fairbanks 232 190 174 108 5S, IES) 15 30 GLe 116 1064230" S1446 
Seattle pS) 60 56 39 ZD A 2) 5 13 33 54 68 444 
Los Angeles 33 24 ZA. 13 7. Z 0 0 2 4 14 8) 145 
Denver 103 83 80 56 30 i 2 Omeci, 46 DORe TLS 638 
Bismarck -170 146 119 66 36 ee 3 4 23 COR LOmme lo 903 
Omaha 130 2106 83 3) 18 2) 0 il 2g 33 736 116 616 
Chicago 124" 105 87 yl 25 6 0 0 9 B)) 760) el LS 631 
New York 130 o 15 44 13 i 0 OFT (3S) is) 90 497 
Atlanta 63 eyZ 40 13 20 0 0 0 Ltd 39 61 283 
Miami 6 » af 0 0 0 0 0 0 0 et 5 18 


“Values have been divided by ten. Base is 65°F. Units are °F. 


These values are an index of the amount of space heating required. As 
would be expected, maximum values occur in winter. In summer months, these 
figures would indicate space heating in almost all localities to be negli- 


gible. The tremendous variation in space heating requirements from city 
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to city is also indicated. Yearly totals range from a low of 180 at Miami to 
14,160 at Fairbanks. Such other sources as industry and motor vehicles 
may also provide a significant proportion of the city's heat. However, 
this will depend greatly on the climate and nature of industrial activity 
in a particular area. Of these various heat sources only space heating, 
as a rule, undergoes a significant seasonal trend. Taken alone it would 
indicate that the city's temperature excess should be greatest in winter, 
least in summer. 

Pollution 
Table II-9 gives mean seasonal variations of total particulate concen- 
tration and smaller suspended particles for the United States. 
TABLE II-9 -— SEASONAL VARIATION IN CONCENTRATION OF TOTAL PAR— 
TICULATE MATTER (ugm/m ) AND FINELY SUSPENDED PARTICLES 


(COH/1000 LINEAR FT.) IN THE UNITED STATES. SOURCE: 
UNITED STATES PUBLIC HEALTH SERVICE (1966) 


Month 1 Zz 3 4 5 6 7 8 OOO! Rael 2 


Poraier. JS Sey one 90 95 OS 92195 F > 9S LOO 104 ec0 acd 
Kine P. DSSS PRO a Selle SOE NE OU EOS IRI Mile lesen | Ea os ual 


Data are from the United States Public Health Service (1966) National Air 
Sampling Network, which consists of over two hundred stations, about 85 per 
cent of which aré urban. Total particulate concentrations show little 
seasonal variation, perhaps as a result of maximum background levels in 
summer balancing maximum urban production in winter. Finely suspended part- 
icles show a maximum in December, with an abrupt drop inearly spring to a 
broad minimum centered about June. This pattern is probably a composite 

of above-described trends in atmospheric dispersion efficiency and domestic 


heating. It is unclear which of these two measures of ‘particulate concen— 
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23 
tration gives the best index of attenuation of incoming and outgoing radi- 
ation over the city. If there is any seasonal variation in this atten- 
uation, it would apparently be maximum in winter, minimum in late spring. 
This is in accord with the previously discussed radiation attenuation mea- 
surements of Steinhauser and Emslie. In terms of minimum temperatures, 
maximum long-wave attenuation in winter would imply the greatest city ex- 
cess in this season. The least excess should occur around June. It is 
difficult to make any definite statement about maximum temperatures. 

Cloud 

Cloudiness significantly affects city temperature excess at minimum 
temperature time, as can be seen in Table II-5. According to these data 
for Patis, a change from nearly clear to near overcast reduces city-country 
differences by roughly two thirds, the effect being greatest under light 
wind conditions. Work by Sundborg (1951) and Edmonds (1954), for Uppsala 
and Bonn respectively, indicated an average decrease of 1-2°C in night- 
time city temperatures for a change fon clear to owercast skies. During 
the day, according to Edmonds, the effects of cloud were much less. Ex-= 
Deawearhonm Of stne ebtrects Of, Cloud, such ds given im Table Ii-5, are dif-— 
ficult to assess without knowing how cloud cover is related to other clim- 
atic factors, such as temperature and stability. The inverse relationship 
between cloud and city temperature excess is perhaps a result primarily of 
two factors. Pirst, clear skies at night are usually associated with in- 
tense surface cooling, and hence higher low-level stability. [In addition, 
the relatively high rates of long-wave radiation associated with cloudless 
nights may accentuate the difference between city amd country radiation loss 
caused by the interception of the radiation by buildings. 

Table LI-10, from United States Weather Bureau (1962) data,gives some 


4ndication of cloudiness for various North American cities. Edmonton data 
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were obtained by personal communication with the local forecast office. 


Units are percentage of total possible sunshine. These values should 


TABLE IZ-10 - PERCENTAGE OF TOTAL POSSIBLE SUNSHINE FOR SELECTED 
NORTH AMERICAN STATIONS. SOURCE: UNITED STATES WEATHER 
BUREAU (1962) AND PERS. COMM. EDMONTON WEATHER OFFICE 


Month a F M A M J J A= § O N D Mean 
Edmonton 34 44 4a 53, 53) S54 60" 58749 246.938 33 47 
Seattle Oma a 642) 52, 140 663.) Ome Oo Sen Ome meee 45 
Los Angeles TAO eT Ae GOO Ol OO! Ole woe oii) Cm) eee 74 
Denver Tee Ol = OGsn G2 "O03: 20/1 noun 9 ONS aD DmenOo 69 
Bismarck j4) S027 5/ 59 61 62° 7/5" 72-964) 60," 465 49 61 
Omaha By eyty ay Sh ICO Peer yon Par Cle oS e leis Se As 62 
Detroit Oe NES Ue O2, 59.65) 70" 266. ew Ole >On esa oe 54 
New York DOs 850, 97_ Oe Ol) 65) 665 ub4 1 eOoe. Ole oom OU 59 
Atlanta 4/° Sis 6 69" 69 (67) 62° GO. 64 167 56) 46 60 


give a reasonable idea of the seasonal trend in total cloud cover. With 
few exceptions, these figures indicate maximum cloudiness in winter, min- 
imum in mid-summer, with a substantial difference between the the two ex- 
tremes. On this basis alone, city temperature excesses should be greatest 
in summer, least in winter. 
Snow Cover 

There is a scarcity of data reflecting the effect of snow cover on 
city-country temperature difference. Treibich (1927) has computed values 
for Berlin, as, shown, in Table Ti-ll. iJtais apparent. thatyecity temperature 


TABLE II-11 - THE EFFECT OF SNOW COVER ON CITY-COUNTRY 
TEMPERATURE DIFFERENCE. SOURCE: TREIBICH (1927) 


Local Time if 1% wast 
With snow 3.9 (Bas) 2.3°C 
Without snow i hese O74 ORG 
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Zo 
excess, in this case, was generally much higher when snow was present. 
The exception occurred in the afternoon, when the difference was small. 
This small difference does not substantiate the previously-discussed theory 
that less extensive snow cover in the city acts to increase the city's 
temperature excess through decreased albedo. It is difficult to know 
whether Trebich's findings result from the snow cover as such, or whether 
they arise as a result of correlations between snow cover and other clim- 
atic. factors. 

Precipitation and Storage 

It is impossible to make any definite statements on the effects of 
precipitation on city-country temperature differences. Rapid drainage may 
increase temperatures, as previously discussed. "Washout" of pollution 
may have the opposite effect, at least at night. 

It is also difficult to define quantitatively the effect of storage 
of heat in the city upon its temperature. Presumably this effect will 
tend to decrease daytime temperatures and increase those at night. The 
effect will probably be greatest in summer when the largest amounts of 
energy are available. 

Summary of Relevant Factors 

A measure of the effects of wind, cloud cover and temperature on 
city-country temperature difference is given by regression equations com- 
puted by Sundborg (1951) for Uppsala and Edmonds (1954) for Bonn. Sund- 
borg's work gave the following formula for daytime: 

D=1.4- .01N- .09V- .O1T- .04e 
and for nighttime 

Dae eacren,, WOON Ge V = .02 T + 0jce 
where: D is city-country temperature difference in “C 


N is cloudiness in tenths of sky covered 
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V is wind speed in m/s 

T is temperature in °C 

e is vapour pressure in mm. Hg 
The equivalent equation for Bonn for daytime was: 

Doe el 2a) OO No lS Vie G10 Jeo. 038.1 
and at night: 

Dee oe Om N gael Overt) ly) epee Loe 
For day and night conditions at both locations it is apparent that wind 
was a major determining factor of temperature difference. Cloud cover was 
also OL importanee during the night, but in daytime tts) Sienificance was 
much less. For Uppsala, the influence of temperature was small. In Bonn, 
temperature was more important, Sopa alike at night when cold weather tended 
to enhance the city's temperature excess. 

Table II-12 partially summarizes the previously-discussed seasonal 
variation of different factors influencing city temperature. Time of the 


TABLE [I-12 —- ESTIMATED TIME OF YEAR WHEN VARIOUS FACTORS ACT 
TO MAXIMIZE AND MINIMIZE CITY-COUNTRY TEMPERATURE 


DIFFERENCES* 
Maximize Minimize 
Wind Aug Mar 
Stability Dec (w) Sep (e) Jun (ww) Mar Ce) 
Dispersion (wind and stab.) Oct (w) Sep (e) Apr (w) Mar (e) 
Temperature (space heating) Jan Jul 
Pollution Jan May 
Cloud Aug Jan 
Storage Jul Jan 


4estimates based on North American cities previously listed. 


w = west, e = east. 
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year in which each parameter is most, and least, influential in enhancing 
city-country differences is given, based on the data previously discussed 
in this chapter. The months given are tentative, and should be con- 
sidered as approximations. The typical seasonal pattern of minimum city- 
country temperature difference in spring coincides roughly with the wind- 
iest, most unstable time of the year, when dispersion of city effects 
should be maximum. Fine-particle pollutant concentrations are low at this 
time. Space heating and cloudiness are about half way between their max- 
imum and minimum values. The maximum city-country difference typically 
found in fall coincides roughly with the period when atmospheric disper- 
sion would be expected to be minimum. Fine-particle pollution is still 
relatively low at this time. The secondary (or sometimes pvimary) max- 
imum in the difference that occurs in winter coincides with a maximum in 
space heating, and in fine-particle pollution concentrations. City-country 
differences in snow cover probably contribute to this mid-winter maximum. 

Tentatively then, it would appear that the seasonal pattern of city 
temperature excess is dependent to a major extent on wind and stability. 
The effects of space heating, snow cover, and perhaps pollution, may in 
some localities be sufficient to displace the typical fall maximum dif- 


ference to winter. 
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CHAPTER III 
THE EDMONTON AREA 


The City of Edmonton 

Tuesed ty or Edmonton is located an central Alberta at 54° North, 
113" West, on the northern extremity of the Great Plains. The surrounding 
country is reasonably flat, except for occasional river valleys and ravines. 
Elevations vary between about 2,100 feet and 2,500 feet, with the differ- 
ences arising mainly from gentle slopes. The land is primarily agricul- 
tural with trees covering, on the average, about 14 per cent of the area. 

The city itself is located on the North Saskatchewan River, which 
runs. roughly southwest-northeast through its center, as indicated in 
Fig. LII-1. The river valley is generally less than a mile wide, and 
about 200 feet deep. The remainder of the city slopes very gradually to- 
ward the river, at a rate LE: 20 feet per mile. Excluding the river, 
the only body of water of any significant size in the area is Big Lake, 
about 6 miles northwest of the city and about 9 square miles in area. 
The city is approximately square in shape, currently covering about 60 
square miles. The central business district is located roughly in its 
eenters 

Edmonton, the capital of Alberta, is a major distribution center, 
with extensive offices and other facilities connected with the oil ind- 
ustry. The major industries that do exist in the area are primarily those 
connected with petroleum refining or related chemical processes. They 


lie for the most part to the east and northwest of the city, generally 
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at a distance of about 6 miles from the central business district. 

Population density of the city is generally light (less than 50 persons 
per acre) except in the city core which is classified as moderate density 
(50-89 persons per acre). Heights of buildings are typical for a city of 
Edmonton's size, with the majority of buildings over four storeys in an 
area extending from the central business district westward, near the river, 
for about 3 miles). 

Edmonton has been one of the fastest growing North American cities 
since the late 1940s. The last 20 years have seen a population increase 
of about 200 per cent, to 440,000 people. Prior to 1945, the growth rate 
was roughly constant at about 20,000 people per decade. Figure III-3 in- 
dicates the trend. Information giving the physical extent of the built-up 
POLCiOnus, Of theseity assdiffiicult to obtain for earlier periods. Fie. ail—-2 
gives approximate boundaries in 1910, 1957 and 1967. Data were obtained 
from a variety of sources. 

After 1917, the meteorological station in Edmonton was located about 
3 miles northeast of downtown in a residential area near what was then the 
eastern edge of the city (see Fig. III-1). In 1937, observations began at 
a location on the southwestern edge of the Industrial Airport, about 2 miles 
northwest of downtown. Observations have been taken continuously at this 
latter station up to the present time. After a short period of simultaneous 
Operation, the old station was closed. There was no appreciable difference 
in elevation between the locations of the two stations. Both were at about 
2,180 feet. 

The airport at which the observing station is currently located covers 
about 1 squaremile and is approximately square in shape. From the observing 
station, the city currently extends north and west about 2.3 miles. To 


the southeast, the extent is about 5.5 miles. The airport area is typical 
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Fig, 111-3, Growth in population of Edmonton. 


of much of the city in that it slopes very gradually toward the Saskatchewan 
River (southeastward) at a-rate of about 20 feet per mile. In the imme- 
diate vicinity of the observing instruments there is a moderate concen-~ 
tration of commercial establishments and airport facilites, except toward 
the northeast, where only the two-storey administration building separates 
the site from the open expanses of runway. Extensive vehicular traffic is 
present about 200 yards to the southwest of the site. Most buildings in 
the area are two to three storeys in height. A taxiway immediately north 
of the administration building could conceivably bring the instruments 
under the influence of aircraft exhaust in a few instances, although no 
concrete evidence of this could be found. 


Wetaskiwin and Calmar 


Wetaskiwin and Calmar observing sites were used for comparison purposes. 
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Wetaskiwin is located 40 miles south-southeast of Edmonton. The surround- 
ing countryside is similar to that of Edmonton--nearly flat, aAcGLcuLeural . 
and about 15 per cent tree covered. The elevation is about 2,500 feet, or 
about 320 feet higher than Edmonton. Wetaskiwin's population trend is 


given in table iiti-l. There was Jitcle erowth in the town until after 


TABLE III-1 - POPULATION OF WETASKIWIN 


Year HS 2 See oO Oe LOG 956) 1961. 1966 


Population 2061 ad) yA Doyen Pele: 2645 4476 5300 6000 


World War II. Since that time, population has increased from about 2,500 
toe thespecsent level” of around) 6,000. A canning plant and’ facvlitiesror 
the manufacture of camping equipment constitute the only industries in the 
town. Both enterprises are small. The city is roughly square, covering 
about 1.5 square miles. The observing station was moved from the south 
end of the city to its present site, a few blocks southwest of the central 
business district, in 1928. The instruments are located in a back yard of 
an older residential area, which has seen little change since World War II. 
(See Fig. III-4 and Fig. III-5.) Observations have been taken by the 

same individual since 1928, except for the period 1940-45. 

The Calmar observing site is located on a farm in a completely rural 
setting, about 20 miles southwest of Edmonton. The land is nearly flat, 
sloping at a rate of about 25 feet per mile toward the Saskatchewan River, 
which lies about 4 miles north. The observing site is located near the 
house and barn, which are largely surrounded by windbreaks consisting of 
thin lines of original-growth trees (see Fig. III-6 and Fig. III-7). The 
site has been in the same location since 1917, except for short breaks 


in the summer when the instruments were sometimes moved to an adjacent 
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Fig. III-4. Wetaskiwin observing site, looking east. 
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Fig. III-5. Wetaskiwin observing site, looking south. 
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farm during vacations. Two individuals have served as observers, the 
change occurring in 1947. 

Climate of Edmonton 

The Edmonton area, according to Képpen's classification, has a cool 
snow-forest climate with warm summers. In fact, Edmonton vies with Win- 
nipeg for the distinction of being North America's coldest major city. 
Mean temperatures for a representative selection of Canadian and United 
States cities are given in Table III-2, from United States Weather Bureau 
(1962) and Canada Department of Transport (1968) data. Edmonton is,on the 
average, about 15°F colder than the median temperature for these centers, 

TABLE III-2 - MONTHLY MEAN TEMPERATURES FOR SELECTED NORTH AMERICAN 


LOCATIONS. SOURCES: UNITED STATES WEATHER BUREAU (1962) 
AND CANADA DEPT. OF TRANSPORT (1968) 


Month JJ F M A M all lJ A S O N D Mean 
Edmonton 7h le 2 AO a2) 20 a OS .nOO! 252 ee Ome emery, 
Winnipeg 0 a DiSer oom?) 8625 Goo 55) 43a Oeo7 
Toronto 202 ee S043 566d 0 OO ls OO CU mez Ome4 > 
Mat fax 266 aoe Oe 5CerG> 7 160 OOS a2 OS 
Fairbanks -10 -3 Oe 29. 4/9 BODO. 4D eto 3 -9 26 
Seattle LOD RAG BAI ge? Ae) G2, 5661) GomsbIt. oie ea aS ae Soe 
Los Angeles HS DOr $59) 462) 65) 63 4.0/3, 73 J Oye oe pias 
Denver 2OST32— 385 48850) 866) | 273). 4/29 163 22 AOS yy D0 
Omaha D3 eos D2) = OS aa oe ao) 1/6. 267 brs Ia eo ee 
Chicago 2S BO Fa leo” E4625 9 69 Se 52 O/3 2206) 5aF Om 260 
Detroit DG ee 23 5 Gr 56 0S ew oe Leo Done Olen mee 
New York 3533 Le SMG? tp Gr A/a woo: TSG oe 
Washington B6No 7 oma Ono 07 (00D ee Use Ome Oa Onmeo 7. 
Atlanta AS wage 53.0862 a07 0) S7Sy TONE 97 1426S fe) FAG 
Miami 68) 69) ° 71) 750 76) ol £63) 63 62° 870) V2Za2095./ 6 


the difference being greatest in winter, least in spring. The low temper- 
atures result primarily from the city's high-latitude location, and its 


easy accessability to relatively unmodified, southward-moving Arctic air 
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For similar reasons, the frequency of stable atmospheric conditions 
over the area is high. Table II-6 (Chapter IT) compared inversion frequ- 
encies between Edmonton and Hosler's values for selected United States 
cities. The Edmonton values were derived from tables constructed by 
Djurfors (1969), based on temperature profiles between 46 feet and 343 
feet on the CN Tower near downtown Edmonton. Data were for the period 
August 1967 to July 1968. Differences between Hosler's figures and those 
of Djurfors may have resulted from differences in the nature of the loca- 
tions. The American data are representative of suburban.or semi-rural 
areas, and consequently should be less subject to urban influences. The 
most important effect in this respect is probably the decrease in stabil- 
ity due to higher city temperatures. As a result, Djurfors' figures 
probably underestimate inversion frequencies, relative to the other 
locations. 

Even under the assumption that Edmonton values are not, relatively 
speaking, too low, it is apparent that inversion frequencies for Edmonton 
are high at all times of the year. This is especially true in fall and 
winter when no values listed in Table LI-6 exceed the Edmonton values. 

The seasonal variation for Edmonton shows a maximum in January, a min- 

imum about June, similar to most western cities. Monthly vertical temper- 
ature gradient figurés are given in Table III-3. These figures, based on 
10 years of radiosonde data from the Edmonton area, give average vertical 
temperature gradients between the surface and about 1,700 feet. Included 
in the table are figures, based on Djurfors' analysis of one year of data, 
giving city vertical temperature gradients for daytime and night. Although 
these latter values represent a relatively small sample, it is possible to 


discern the seasonal trend. The daytime values are somewhat similar to the 
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TABLE III-3 - VERTICAL TEMPERATURE GRADIENT DATA FOR EDMONTON AREA 
(°C/100M). SOURCES: DJURFORS (1969) AND 
CANADA DEPT. OF TRANSPORT (1965) 


Month J F M A M a Jj A S 0) N D 


0500 & 1700 MST* 0.8 0.4 =O. 25-0) 38-0. 900.9200) Oy oe 004m UO OmaO nem Oas 


0900-1800 usp? tee eal a, 
2200-0500MST he a, 


220) Gee 2M 2d ee Om 0 oem Omen. 
0, 2 '05,9 © 038 A Ory ae 26 Om Oro ero med 


a 
Ten-year radiosonde mean for lowest 1700 ft. 
One year's data for CN Tower (15-113m). 


long-term mean values, although there is a tendency for stability to re- 
main consistently low from late spring through late summer. The night- 
time values are somewhat different in nature, with a maximum in late sun- 
mer, as well as winter. In this case the minimum stability occurs about 
April. It is to be noted that even the least-stable nighttime values 
still represent inversion conditions. 

in spite of wee location on nearly flat agricultural land, Edmonton's 
winds are quite light on the average. Comparison with other cities listed 
in Table II-7 (Chapter II) indicates that, of thirteen, only four have 
lighter winds on a yearly average. Edmonton and Fairbanks are ee 
Cities listed that differ sienificantly from the typical seasonal pat— 
tern in that minimum winds occur in winter instead of summer. The Jan- 
uary minimum at Edmonton coincides with the period of maximum inversion 
frequencies. The city retains a spring maximum with a secondary min- 
imum in August. 

Table III-4 gives speed and percentage frequency of winds by direc- 
tion. Data are from Canada Department of Transport (1968). The pre- 
ferred wind direction is south except in summer, when northwest winds 


are prevalent. On the average, winds from the south and southwest are 
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TABLE III-4 — PERCENTAGE WIND FREQUENCY FOR EDMONTON INDUSTRIAL 
AIRPORT. SOURCE: CANADA DEPT. OF TRANSPORT (1968) 


Direction N NE E SE S SW W NW Calm 
Jan. 9 9 7 8 20 3 13 16 2 
Apr. q2 Lt 8 14 19 8 init 14 2 
ATW Lh 8 8 10 ‘12. val iy) 20 2 
Oet. 8 4 4 10 24 17 15 16 2 


Weal y opeed 1069S 4 97.9) 926 Fn] 6.4 aceoMml es amet 


lightest, while those from the north and northwest are strongest. This 
relationship between speed and direction is generally consistent through- 
out the year. Winds from southeast to southwest give the air a relatively 
long trajectory over the city prior to its arrival at the observing 
Sacer 

The diurnal variation in wind speed for summer (July, August, and 
September) and winter (December, January, and February) is given in 
Fig. III-8 for three Edmonton area locations, after Hage and Longley 
(1968). Nisku is an airport site located in a rural area about 15 miles 
south of the city. The University of Alberta values are from a high- 
level (63 meters) site about 2 miles southwest of the city center. (see 
Fig. III-1). The height of the Edmonton city anemometer is 18 meters, 
representing a considerable departure from the 10-meter exposure of the 
Nisku site. Data are for 5 years in the case of Nisku and Edmonton, 2 
years for the University. 

It is apparent from these comparative wind data that the diurnal 
variation of wind in winter is surprisingly small, presumably because 
of the high degree of stability which persists at all hours during this 
season. A winter daytime minimum in the higher-level winds, correspond- 


ing to an increase in those at a lower level in the city, is probably 
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Fig. I1I-8. The diurnal variation in wind speed at a height of 18 meters 
in Edmonton (airport), at 10 meters in a rural site (Nisku), 
and at 63 meters in the city (University of Alberta). Data 
are for 5 years, except for 2 years at the University. Source: 
Hage and Longley (1968). 
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Al 
indicative of the occurrence of some yertical Mixing, inspite of othe 
high average stability in this period. It is also apparent from Fig. III-8 
that there was,on the average, no distinct indication that city winds were 
lighter than their rural counterparts, as is often the case. The dif- 
ference in heights of the wind recording equipment casts doubt on the 
validity of this type of comparison, however. 

In summary, comparison of wind and stability data for Edmonton with 
similar data presented for other North American cities indicates that, 
relatively speaking, atmospheric dispersion rates over the city are 
probably low. This is especially true in winter. 

Pollution 

In spite of the poor dispersion ability of the atmosphere over Ed- 
monton in winter, particulate pollution levels are low for a city of its 
size. Table III-5 gives total particulate concentrations and soiling 
index values for Edmonton, from data collected by the Alberta Depart-— 
ment of Health (1968). The samples were taken in the downtown area. 


TABLE LII-5 -— TOTAL PARTICULATE AND FINE PARTICLE CONCENTRATIONS FOR 
EDMONTON, 1964-68. SOURCE: ALBERTA DEPT. OF HEALTH (1968) 


Season W S S) E Yearly 
Total particles” 63 119 95 94 94 
Fine particles 0.44 ha SK0) On22 0.28 eye 


ae 3 
units = jagm/m , 


ares = COH/1000 Linear.tt. (soiling index). 


Comparison of the Edmonton figures with the NASN means given in 


Table II-9 (Chapter II) indicates that, ona yearly basis, the city's 


total particulate concentration is about 78 per cent of the mean value 
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42 
for urban areas of equivalent size. It is only about one half the mean 
concentration for large cities of over two million people. The distinct 
winter minimum in total particles in Edmonton is not observed in the NASN 
mean values. Fine-particle concentrations for Edmonton are much lower than 
the average values given in Table II-9, although the seasonal trend giv- 
ing a winter maximum remains evident. 

The low levels of pollution that exist in Edmonton in spite: of the 
relatively poor atmospheric dispersion are probably a result of the ex- 
tensive use of natural gas in the city (which on combustion produces 
negligible particulate matter) combined with the relatively small number 
of industries, especially within the city proper, Another factor may be 
the high latitude of the city, which reduces photochemical reactions in 
the air to relatively low levels. Rolston (1964) has calculated that 
80 per cent of urban production of particulate matter in Edmonton re- 
sults from industrial activity, 19 per cent from incineration. Space 
heating, automobiles and other sources are, therefore, almost negligible. 
Consequently, Rolston's findings would imply that the seasonal variation 
in urban particulate emission rates should be small. The winter min- 
imum in total particulate concentration is probably a result of low 
entrainment rates of surface material in this season. A long period 
of snow cover and light winter winds probably account in part for these 
low rates. Fine-particle concentrations are probably more closely re- 
lated to urban sources, showing a maximum in winter as a result of low 
dispersion rates over the city. 

Fine-particle concentrations over the city show a maximum, generally 
speaking, for winds from south and southeast. Minimum quantities are 


for winds from northwest through northeast. Although these values are 
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43 
undoubtedly related to the relative orientation of emission sources, the 
fact that stations located in different parts of the city tend to give 
the same pattern would indicate that the relatively light speeds and 
higher values of stability associated with southerly winds probably 
play a part. 

City Energy Sources 

The very high number of Heating Degree Days for Edmonton (see Table 
II-8, Chapter II) is indicative of the large amount of space heating 
required in the city. This heat source will be strongly temperature 
dependent, as indicated by data from Robertson (1955), who computed 
the city's natural gas consumption in cold weather as a function of 
Cemperature. As can be seen from his valwes, as indicated in Fie. TLi—9; 
a decrease in temperature from 10°F to -30°F served to increase gas 
consumption by about 50 per cent. No figures were available for the 
industrial production of heat in the area, but in view of the fact that 
major industries are small in number and generally located on the city's 
peripnery, Lt is probable their contribution is not large. Heat re- 
leased from automobiles cannot be discounted as an energy source in the 
city. Daniels (1965) suggests an average figure of Dasa l08 BIU per 
hour per vehicle. 

From natural gas consumption rates obtained through personal com- 
munication with Northwestern Utilities, Daniels' figure for automobile 
traftie.. anduradiation data. from Canada Dept. of Transport CLOG) Sekt 
is possible to compute the relative amounts of artificial and solar 
energy received in Edmonton over the year. It cannot be emphasized too 
strongly that these energy values are only rough approximations, because 
of a number of unknown factors. The worst difficulty is with the Citys 


albedo, especially in winter. From a variety of Sources, a value ot 
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Fig. III-9. Energy production in Edmonton from the combustion of natural 


gas, as a function of temperature. Data are for a population 
level of 160,000. Source: Robertson (1955). 


0.15 was chosen for albedo, except in winter when it was increased to 
0.50 to account for the partial snow cover over the city. The results 
of these computations are shown in Fig. III-10. In summer the proportion 
of heat received from artificial sources is probably less than 10 per 
Cent or the’ total... The maximum in thé ratio of artificial to solar 
energy is probably reached in December, when the two sources are, speak- 
ing very roughly, equal. 
Other Climatic Factors 

Occurrence of persistent fog over any appreciable area of Edmonton 
is uncommon for temperatures above 0°F. However, at temperatures con- 
siderably below 0°F, its occurrence becomes quite frequent. Robertson 


(1955) has calculated that, for a time in which the city's population 
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Fig. III-10. Estimated contributions of insolation and artificial heat (nat- 
ural gas combustion and automobiles) to the energy budget of 
Edmonton. 
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46 
was only 40 per cent of the present Sey of 440,000, visibilities of 
less than 6 miles occurred about 40 per cent of the time in which 
temperatures were below O°F. The fact that this fog is related to urban 
influences is indicated by Robertson's figures. for a rural station in 
the same region, where the equivalent fog frequency was only 7 per cent. 
Winds of 2 to 7 mph from a southerly to southwesterly direction gave 
Ehewhignest Trequeneites of fos. 

Table III-6 (Canna Dept. of Transport (1966)) gives mean monthly 
cloud amounts for selected Canadian stations. These data, and the 
values of percentage of total possible sunshine given in Table II-10 
(Chapter II), indicate that, in summer, Edmonton has relatively large 


TABLE III-6 - MEAN MONTHLY CLOUD AMOUNTS* FOR SELECTED CANADIAN 
CITIES. SOURCE: CANADA DEPT. OF TRANSPORT (1966) 


Month a) F M A M ‘i <i) A S O N D Mean 
Ramone OnmmOsD) “OLA “Ost 96.4 Ona. 2007, CoO §Se.) onl «Os 9) 8 0.58 Onions 
WancOluverrG lO fo Yad oOnG -6sGU. 6.0 24.60 0. le od Wa) Po oe Le mORO 
pinamd pec, G. 85.4 00..0 Gre, 0 .6.d 9.4.5.1 5.3 {6.05 Saye 72s Gnd or 
Toronto This Stan Gace SU hes A An Oe WN feo 1a Oise ye eu ee Re Alas SLES We) a4 
Halitax TOD WOOO SO OOF Oe Opera Oi. we Ones cea ea an Oe ORO 


“nits are tenths of sky covered. 


amounts of cloud. In winter, the city's cloud cover is more typical of 
the amounts in other locations. In spite of the extensive summer cloud, 
precipitation amounts are relatively small, with a yearly total of only 


19 inches. 


SS SSS IS 


Some idea of the relationship between stability and the heat island 


in Edmonton can be gained from Fig. TII-11, after Hage and Longley (1968). 


This diagram shows, for a winter month and a summer month, temperature 


ave it Sal u 
- ; 7 7 . 


gail 68! beter: ¥ f ts a boris’ — ey .2°0 wabed a aii 2 


4 


nt . int » ats many ih a toss ulgh vd bo tvota bak” Lesion : 
7 Pee oie Py 
P ay i wine i wear shi +“) 54 wal stay ayy ty iP a ve he. ts om owls 


iy orig, a3 yi uftd ere , nas? dan a 


Ao} | tsokepey? ae fi 
« Ps ji @Aa .arf Hf 4 


a Sha. : 


i egies 
p ; : rf 
win CLAOSL) sgeneeertl Yo toed Ahan) e- oldat 
ighdets antinhad ‘hodenine 208) ee aah <i 
3:9 - ree A wt betyavs t 30 ac yaane ag “ie 
‘gala’ ualtl Aa auaeael a3 qe) 
3 
; / se uryareer 7] 
« ¥ 3 iv) 
’ } Sie oo 
S.0 66 EAN 
i ‘ n) c roa ! 1,0 w 
| 7, g.4 6 
i > 
my, 7 . apy © C 
© - be 
F ine) “ 
bes i ive bool @°¢ 329 afd). sapildc ag 
: € j 9 re : pe 5 otiys mot wank taro! 
\! pk. bei Lil int viz wv di te he «4 Tape: vias are)’ “99 
— 7 a - a 
- , an 
, an ; - 
~ 7 orn _ : BS, as 
o 
4 ate es aia ua ne 


7 


a : 
‘pn 7 trait hal ans mit eee re at ah 


n nA ww aitabe! vee bas caitenst u ik » EP, ‘eet aR 
hy | ay rund ssnen y ky epi ae a i . ca: dou 


47 


iy : (27) 
Eeseuueu0cans December, 1967 : 
+9 3b! 
; (59) (59) 
Of \ 
Wa 
om 
3 \ 
@) 
“ : \ 
aS aS : 
g : (83) 
p : 
2 a 
D a 
3 f / 
&S a 
= : 
2 : 
: ‘er 
uy « 
o) F 
z Fi 
bo e 
oS 2 \ 
x ; 
ra) s \ 
ce : 
> 0 t (339) 
< 5 
i : 
= H 
= 5 
uy a 
fe : ‘ 
ae \ (76) 
ai ' 
A 
: 
[ae walle | 
=f) —}} 0 +] 


MEAN VERTICAL TEMPERATURE GRADIENT (°C per 100m) 


Fig. IITI-11. Stability, as measured on the CN Tower near downtown Edmon- 
ton, as a function of city-country tomperarure difference, 
Numbers in brackets indicate number of observations. Source: 


Hage and Longley (1968). 
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48 
difference between Edmonton airport and the rural Nisku station as a 
Function of vertical temperature gradient between 17 méters and 57 meters 
on the CN Tower near downtown Edmonton. Assuming the Edmonton-Nisku 
temperature difference gave a valid measure of city temperature excess, 
it is apparent that in summer the city-country difference was closely 
related to stability, with the most stable conditions being associated 
with a large difference. It would be unwise to consider this as a 
strict "cause-and-effect" relationship. For example, the fact that low 
city-country differences occurred in early afternoon coincident with 
relatively unstable conditions resulting from solar heating does not 
guarantee that instability was the primary cause of these small dif- 
ferences. 

In December there was little relationship between Edmonton-Nisku 
differences and stability. Highly-stable conditions were reported for 
all differences. In a-number of cities, it has been found that city 
heat acts to strongly modify inversion conditions and hence promote 
Mixing. These data do not substantiate the occurrence of such a pto- 
cess in Edmonton. This does not necessarily imply that mixing over 
the city does not occur to some degree, however. As discussed pre- 
viously, Fig. III-8 gives evidence of daytime mixing in winter. 

The diurnal variation in city-country temperature differences for 
Edmonton is indicated in Fig. III-12, after Hage and Longley (1968). 
The diurnal trend in differences was quite similar to the typical values 
given in Table II-3 (Chapter II). In July, the maximum difference oc- 
curred in late evening, with the difference remaining large through the 
night, to minimum temperature time. Differences were small during the 
late morning, and then began increasing again by afternoon. In Dec- 


ember, the city-country difference at minimum temperature time was 
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Fig. III-12. Diurnal temperature variation in Edmonton, and at a nearby 
rural station. Source: Hage and Longley (1968). 
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50 
slightly less than its mid-evening maximum value. The minimum difference 
occurred around noon. It is of importance to note that, in the case of 
December, averaging of the differences at maximum and minimum temperature 
time to give a mean difference constitutes a poor representation of re- 
ality. The difference for minimum temperatures alone would be more re- 
presentative of the mean. 

Data on the horizontal distribution of temperature over Edmonton 
are limited. Serisils (1965) has produced some isotherm charts, four of 
which are shown in Fig. III-13 to Fig. III-16. As would be expected, 
the maximum warmth generally occurred near the central business district. 
The mean temperature given by Daniels for the city as a whole (the mean 
of about 200 observations) generally corresponded closely to the actual 
value at the airport observing site. J£ these data are representative, 
they indicate that, although the magnitude of ‘the’ difterence at the air- 
port is only roughly half of the maximum value, it is approximately rep- 


resentative of the city generally. 
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13. Isotherm map for February 12, 1964, around 0300 hrs. (Temper- 
Daniels (1965). 
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Fig. III-14 - Isotherm map for March 22, 1964, around 2300 hrs. (Temperatures 
im °C). source: Daniels (1965). 
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Fig. III-16. Isotherm map for July 21, 1964, around 0300 hrs. (Temperatures 
in °C.) Source: Daniels (1965). 


Waiivd + S40 42) aiipl Mean temperature 14.1°C 
Gloudiness: Ac, 5/10 Snow depth: 0 


, 
H 


toa | Ae v ty) } ’ y 
7 
 COOCTY abetult io. soe (304 


: 4 3:3 eataeln Mi ijt. § 2 sfalw'’ 


eS eo 


CHAPTER IV 
EVALUATION AND PROCESSING OF DATA 


Change in the Edmonton Observing Site 

The previously-mentioned transfer of the Edmonton observing site to 
the airport in the late 1930s produced significant changes in the temper- 
atures recorded. Fortunately, these changes could be assessed because 
a period of overlap occurred prior to the closing of the original station. 
Fig. IV-l shows differences as a function of the older station temper- 
atures, both maximum and minimum. The values in brackets indicate the 
number of observations from which each point was computed. The upper 
curve (maximum temperatures) indicates that the old station was relatively 
warmer in warm weather, and that the airport was warmer in cold weather. 
The maximum difference was about 1°F. It is difficult to explain this 
relationship between the two stations without entering the realm of 
speculation. The minimum temperature curve generally shows that the 
airport became increasingly cold relative to the older station as temper- 
atures became lower. As temperatures decreased below O0°F, airport-old 
station difference rapidly became more negative, reaching a value of about 
-3.5°F at -26°F. 

To make the earlier data as compatible as possible with that of the 
airport, a least-squares approximation was used to produce polynomia#s 
fitting the curves given in Fig. IV-1. These polynomials are represented 
as broken lines in the diagram. Letting T(XD) represent the airport 


temperature, and T(XD1) the older station temperature, the mathematical 
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57 
representation of the curves was, for maximum temperatures? 

PED) Y= =i Cel) = 113x107 "T(xp)3 2 156x107“ (xD) 2 7. 

.O371T(XDL) + .822 | 
and for the minimum temperatures: 
CSD) =" EXD 1) = .958x10 °T(XD1)° - .965x10>T(xD1) 2 + 
e0S7O1(RDU) = 1569 
All Edmonton temperatures prior to October 1, 1937, used for comparison 
purposes in this thesis were adjusted by these equations. 

It is desirable to have additional verification of the relationships 
represented by the least-squares approximations. This is particularly 
true for minimum temperatures in view of the fairly rapid change in 
difference exhibited at lower temperatures, and the somewhat erratic 
nature of the original data for Coaeeteures above 20°F. It must ad- 
ditionally be borne in mind that, for extremes of temperature (both 
high and low), the approximating polynomials are, of necessity, an ex- 
tension or extrapolation beyond the available data. 

Direct verification of the least-squares approximations is not 
possible. Perhaps the best approach is to compare Edmonton temperatures 
with those of another station. Such comparisons are made in the next 
chapter; hence further discussion of this matter will be postponed. 


Data Form and Processing 


Temperature and precipitation data used in this and subsequent 
chapters were for the most part obtained from "Number Four Climatological 
Cards" provided by the Meteorological Service of Canada. These cards 
contain daily climatological summaries. Many of them are suitable for 
An IBM 360/67 was used for most computational work. 


machine processing. 


Data used were generally for the period 1929-65, with occasional ex- 


tensions to 1967. 
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In addition to the division of data into maximum and minimum temper— 


atures, two other classifications were extensively used. The first was 


division into months, 


undergo considerable seasonal variation. 


in the expectation that Urban effects will 


A particular month can, how- 


ever, vary greatly in weather from one year to the next. 


In order to 


minimize this variation to some extent, observations were additionally 


classified in terms of the prevailing rural temperature (at Calmar). 


Six temperature ranges, listed in Table IV-1, were used for this clas- 


Salir WWCANESLO MN. . 


Lt us to be noted that the limits of the ranges differ in 


TABLE IV-l1 —- RANGES USED FOR MAXIMUM TEMPERATURE (X) 


AND MINIMUM TEMPERATURE (N) CLASSIFICATIONS 


Number of observations 


Calmar temperature (°F) 1950 


Range 


1 
2 
3 
a 
5 
6 


the case of maximum and minimum values. 


10 
30 
45 
60 


Xx 


<10 
to 29 
to 44 
ee) OY) 
to 69 
>69 


AUS) 
10 
23 
aye) 


N 


to 
to 
to 
to 


4-15 
9 

24 
34 
44 
744 


Xx 


42 
[ps 
63 
69 
538 
62 


N 


aL 
3s) 
f2 
48 
44 
of 


195d 1952 1953 
Xe Noe ee ey ee 
SU ES ihe PEN ANU ES 
UES) S 1/23 Ma OM GI8Y 1532) ui 
53) 62) Sol ole oelOL 
GS was 57 863 e160" VOL 
Otay O9F one Oe / SiG 
ior Lee LT Ch oases 14 


Also given in Table IV-1 is the 


distribution of the number of days in each range for a typical four- 


year period. 


From these latter figures it can be seen that the number 


‘of days were, roughly speaking, evenly distributed among the ranges. The 


exception to this was Range 1, which contained a smaller number of days. 


These were days upon which temperatures were very low--less than 1OS)-for 


fe} * . 
maximum temperatures, and less than -15'F for minimum values. 
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ag 
This division of temperatures into ranges effectively minimizes 

the direct influence of year-to-year temperature fluctuations, and hence 
of other closely-related phenomena such as space heating. The exception 
iseRange 1 where, by virtue of its lack of any lower limit} “yearly 
temperature fluctuations were large. The warmest range, Range 6, is also 
"open ended." However, at these temperatures, yearly fluctuations were 
small. Excluding Range iL, the largest variation of the mean temperature 
of any range was about 4°F over the 37 years of records. 
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The fact that the two stations (Wetaskiwin and Calmar) used for 
comparison with Edmonton were at significantly different elevations and 
latitudes than the city resulted in a number of difficulties. One of 
these was the fact that a single-period comparison between Edmonton 
temperatures and temperatures at either of the other stations was bound 
to reflect these differences in location, as well as urban influences. 
Although this problem can be largely avoided by considering time changes 
in temperature, it is still useful to estimate mean magnitudes of these 
non-urban factors. Differences resulting from latitude were computed 


TABLE IV-2 -— ESTIMATE OF THE INFLUENCE OF LATITUDE AND 
ELEVATION ON STATION TEMPERATURE DIFFERENCES 


Temperature Difference Gr) 


Edmonton-Wetaskiwin Edmonton-Calmar 
Month tat. elev. tot. lat.) elev. (BONE 6 
Jan -1.8 -1.6 -3.4 -1.0 -1.0 -2.0 
May —-1.4 DENS O.1L -0.7 0.9 0) 2) 
Jak -0.7 seal) 0.3 -0.4 Oiaz 0.3 
Oct -1.0 0.0 -1.0 -0.5 0.0 -0.5 
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60 
from values given by Haurwitz and Austin (1944) for temperature varia- 
tions over a flat surface for Alberta. Differences resulting from 
elevation were calculated from mean vertical temperature gradient data 
(see Table III-3, Chapter III). Both these sets of differences should 
only be considered as rough estimates--they are not used in any of the 
subsequent computations. It is apparent that there is considerable sea- 
sonal variation in these values, especially in the case of Wetaskiwin, 
which varies from more than 3°F warmer than Edmonton in January, to about 
0.3°F cooler in October. Because Calmar is closer to the city, both 
in terms of latitude and elevation, the differences are smaller. It is 
worth noting that, in winter, elevation and latitude factors complement 
each other, while in spring and summer they are opposite in sign, tending 


to nearly cancel in the case of Wetaskiwin. 


Comparative Study of Wetaskiwin and Calmar 


Before proceeding with a discussion of Edmonton's temperature in 
relation to Wetaskiwin and Calmar, Benie necessary to check for consis- 
fencysingthe values of the latter two ctations.. | Figs 1V=2.) Pigs -o, 
and Fig. IV-4 show the differences between Wetaskiwin and Calmar temper- 
atures by year, for both maximum and minimum values. Five-year running 
ene were used for valves given by temperature range, There are several 
marked exceptions to what were generally consistent data. The first en- 
tails a distinct decrease in the maximum temperature differences in the 
1940s. A similar decrease in the minimum values occurred in the late 
1940s and the 1950s. Reference to Fig. IV-4 indicates that this mean 
decline in the Wetaskiwin-Calmar difference is not apparent for all temp- 
eratures. Indeed, for Range 6 of the minima, the trend was reversed, with 
the difference gradually increasing, for a total change of about 0.8°F over 
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Fig IV-2. Yearly mean differences in temperature between Wetaskiwin 
and Calmar. 


additionally an abrupt change in the differences around 1960. 

Fig. IV-5 shows the mean change in the Wetaskiwin-Calmar temperature 
difference from the period 1931-40 to 1956-65. Changes are given as a 
function of Calmar temperatures and by month, for maximum and minimum 
values. For the minimum values, below the freezing point there was a 
decrease in the differences. This decrease became larger with decreasing 
temperature. Above the freezing point, the change rapidly increased in 
value, with positive values for temperatures above about 40°F. Ona 


monthly basis, July and August were alone in showing an increase in Wet- 


askiwin-Calmar differences. The largest decrease occurred in January. 


The situation was somewhat more complex for maximum temperatures. 


Roughly speaking, however, there was an increase in differences at 


temperatures of less than 8°F. Above this value, the differences de- 


creased. On a monthly basis, there was a roughly. constant decrease, 
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erature difference by range. 
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exeept for the four winter months. 

In summary it appears, therefore, that Calmar warmed (or Wetaskiwin 
cooled) except for low temperatures in the case of maximum values and 
high temperatures in the case of minimum values, where the reverse 
efnect occurred. 

To study further the nature of this change in the relative Wetaskiwin- 
Calmar temperatures, comparison was made with a third rural station. 

Since the Calmar observations were suspect, a location as close to this 
station as possible was desired. Consequently, Thorsby, lying 9 miles 
southwest of Calmar, with a population of 600, was chosen. Fig. IV-6 
shows Wetaskiwin-Calmar and Thorsby-Calmar yearly minimum temperature 
differences. Division is into the previously-defined ranges. The time 
period was limited by the data available. Fortunately, however, it coin- 
cided with the period of decline in the minimum temperature differences. 
Where the downward trend is discernible, it is apparent that the two curves 
are approximately parallel. The implication is, therefore, that Calmar 
warmed as opposed to Wetaskiwin cooling, especially in view of the close 
proximity of Thorsby to the former station. 

The increase in the differences for minimum temperatures in warm 
weather appeared to be much more gradual in nature, extending from about 
1940 to the Tate 1950s. \ This trend is indicated most clearly in Fig. 1V=7, 
which gives yearly values of the Wetaskiwin-Calmar temperature differ- 
ence for Range 6 (mean temp. about 50°F). The equivalent Wetaskiwin- 
Thorsby curve included in the figure failed to reveal any such trend, 
again indicating that the cause of the change in the difference rested 
with Calmar. In other words, in warm weather, Calmar's minimum temper- 
atures, relatively speaking, cooled between 1940 and 1960. 


Fig. IV-8 illustrates the change in the Wetaskiwin-Calmar and 
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Fig. IV-7 - Mean minimum temperature differences between Wetaskiwin, 
Thorsby, and Calmar, for Range 6. 

Thorsby-Calmar differences for maximum temperatures. The change is from 
the period 1938-41 to the period 1954-55 plus 1957-58. Except for the 
anomaly in July, this figure seen illustrates that the decrease in the 
Wetaskiwin-Calmar difference was also present in the Thorsby-Calmar dif- 
ference. Apparently, in this case, Calmar had also warmed relative to 
Ene nooner two. Stat.ons. 

For maximum temperatures, January, February, and March showed an 
increase in the Wetaskiwin-Calmar difference, as indicated in Fig. IV-5. 
This increase resulted from the large differences occurring in Range l 
around 1960 (see Fig. IV-3). A detailed look at the data indicates that 
some very low Calmar temperatures in cold weather caused the increase. 
The low values occurred in the period 1959-61, especially 1960. 

From the: above discussion it appears that Wetaskiwin is a consider- 


ably more reliable station for comparison purposes than Calmar. This is 
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Fig. IV-8. Change in the Wetaskiwin-Calmar (solid line) 
and Thorsby-Calmar (broken line) maximum tem- 
perature differences frum the period 1938-41 
to the period 1954-55, 1957-58. 


unfortunate for two reasons. First, the fact that Wetaskiwin is at a 
considerably different elevation and latitude than Edmonton means that, 
on a short-term basis, temperature differences between the two sites will 
be dependent to a considerable extent on the particular synoptic sit- 
uation. For example, stability and north-south temperature differences 
will have a considerable, and varying, influence. The difficulties 
arising from this fact will be discussed further in subsequent chapters. 
The second drawback to Wetaskiwin is the fact that it does not represent 
a truly rural site. Not only is it surrounded by “a small urban area, but 
the size of this area has grown, in terms of population from about two 
thousand to about six thousand over the period of interest. Although 
the associated urban influences are probably small, they may not be 
insignificant under all circumstances. 

It would be desirable to discover some reason for the apparent 


peculiarities in Calmar data. After examination of the observing sites 
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69 
and conversation with the people involyed, it became apparent that this 
reason was somewhat elusive. The only noteworthy fact to be uncovered was 
that, while at Wetaskiwin the observations were taken dally at 3200 va-m. 
and 8:00 p.m., at Calmar a single observation was taken at 8:00 p.m. In 
itself, this fact would not explain a change in the difference between 
the temperatures recorded at the two stations. A change would certainly 
Deme<peabed™ ba occur with a change in the time of Calmar's readings, 
however. The Calmar observer stated he had no recollection of such a 
change. It is of interest to mote that, as can be seen from Big. 1V—2, 
the pronounced drop in the Wetaskiwin-Calmar maximum temperature dif- 
ferences in 1947 coincided with the time at which there was a change of 
observers at the station. Additionally, Calmar is officially listed as 
taking an 8:00 a.m. observation, implying perhaps that the time has been 
changed to the evening without notification. 

If the observing time had been changed from 8:00 a.m. to 8:00 p.m., 
what changes in the temperatures could be expected? Burrows (1964) has 
studied the effects of different observing times. He could find no 
significant differences in temperatures derived from twice-daily readings 
at co-operative stations such as Calmar, and those derived from the 
observations taken four times daily at principal stations such as Edmon- 
ton. For a station taking observations only in the morning, maximum 
temperatures were found to be unchanged from twice-daily readings, be- 
cause the maximum thermometer was read daily at the same time in both 
cases. Similarly, for a station taking observations in the evening only, 
minimum temperatures were comparable. The recording of maximum temper- 
atures in the evening produced anomalously high values, however. Dif- 


ferences of 1-3°F were typical. On the other hand, recording of min- 
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70 
imum temperatures in the morning tended to produce anomalously low 
values. This was especially true in spring, with 3-4°F differences 
being typical. 

Based on Burrow's (fairly typical) data for Vauxhall, Alberta, it was 
possible to estimate the effects of a change in observing times from 
8:00 a.m. to 8:00 p.m. at Calmar on the difference between its temperature 
and that of Were ine This estimate is represented by the broken lines 
in Fig. IV-5. It can be seen that, in the case of minimum temperatures, 
this curve fits the observed changes quite well. For the maximum values, 
the magnitude of the estimated warming at Calmar is considerably larger 
than actually observed. The difference in the sign in late winter is 
attributable to the anomalous data from Calmar around 1960. 

Conceivably, on the basis of the above discussion, a change in ob- 
serving times from morning to evening could explain much of the apparent 
temperature change at Calmar. The fact that Calmar minimum temperatures 
appeared to increase gradually over a number of years (decrease in the 
case of very warm weather) is not easily reconciled with a sudden ae 
in observing procedures, however. 

In summary then, in spite of the previously-mentioned difficulties, 
it was found necessary to use Wetaskiwin as the primary standard against 
which to measure Edmonton temperatures. The difficulties with Calmar 
may have involved a change in observation times; however, the evidence 
on this point is not conclusive. 

It is to be noted that, in spite of the objections to Calmar's 
temperatures, the readings from this station have been used for classifi- 
cation purposes. For example, Calmar readings were used to determine 
into which temperature range (as defined previously) a particular day 


would be classified. Calmar was chosen for two reasons. First, it was 
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desired to use temperatures representative of the rural area near Edmon- 
ton. The values for Wetaskiwin, as will be seen presently, vary consider- 
ably from those near Edmonton, with the magnitude of the variation chang- 
ing rapidly with temperature. The second reason is somewhat more ob- 
scure. Attempts to relate temperature differences between two stations 
to the temperature, or other closely relatéd parameters, give a particular 
form of distortion if these latter values are based on temperature read- 
ings strom either of the two stations: involved. ILtuwas necessary to 
compare Edmonton temperatures to those of Wetaskiwin; consequently, data 
from a third station had to be used to prevent this distortion. Calmar 
was the only other station for which sufficient data were available. This 


problem will be discussed in more detail in a subsequent chapter. 
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CHAPTER V 


THE NATURE OF TEMPERATURE CHANGE IN EDMONTON 


Time Series of Maximum Temperatures 


The dP rere between Edmonton and Wetaskiwin maximum temperatures 
for the period 1929-65 (occasionally extended to 1967) are given in Fig. V-l, 
Fig. V-2, and Fig. V-3. Differences are on a yearly basis, by temperature 
range, and by month, respectively. The main features of the general pat- 
tern can be described briefly. A period of little change in the Edmonton- 
Wetaskiwin differences was followed by a drop in the late 1930s. From 
about 1946 to 1956, coincident with the rapid expansion of the city, there 
was a relatively constant increase in differences. In the mid-fifties 
another period of decline occurred followed by a period of recovery be- 
ginning in the early 1960s. This pattern was generally adhered to ona 
month-by-month or range-by-range basis. The most notable exceptions were 
February and March, which showed distinct maxima in the differences in 
the mid-thirties. For these two months, the earlier minima in the dif- 
ferences were advanced in time somewhat, to about 1946. October stood 
alone in not showing any decline in the late 1950s. This decline was 
most pronounced in June, and least pronounced in the fall. 

Some measure of the significance of these data may be obtained from 
statistical tests. The application of a paired t-Test to the yearly 
values of Edmonton-Wetaskiwin maximum temperature differences indicated 
hats on thewaveragey, a difference of 0.5°F was significant at the 99 
per cent level. The vertical bar on the curve of yearly maximum differ- 


ences (Fig V-1) represents this interval. The relatively small size of 
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DIFFERENCE (°F) 


TEMPERATURE (°F) 


Rie, 


Edmonton maximum temperatures 


Wetaskiwin maximum temperatures 


1930 1940 1950 1960 
YEAR 
V-1. Yearly values of Edmonton-Wetaskiwin temperature differences, 


Edmonton and Wetaskiwin yearly mean maximum temperatures are 
included. Solid lines are five-year running means. 
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Fig. V-2a. Edmonton-Wetaskiwin maximum temperature differences by range. 


(Solid lines are five-year running means.) 
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Fig. V-2b. Edmonton-Wetaskiwin maximum temperature differences by range. 


(Solid lines are five-year running means.) 
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Fig. V-4, Change in the Edmonton-Wetaskiwin temperature dif- 
ference from the period 1931-40 to the period 
1956-65. Values are for maximum temperatures, The 
lower graph gives the change on a monthly basis. 
The upper graph gives the change as a function of 
Calmar maximum temperatures. 


this significant difference lends support to the suggestion that, of 

the fluctuations in this yearly curve, at least the minima around 1940 

and 1960 were significant. The 2°F increase in the differences between 

1940 and 1955 was large relative to the size of this coniidence interval, 
Fig. V-4 shows the mean change in the Edmonton-Wetaskiwin maximum 


temperature difference from the period 1931-40 (mean population 85,0004) 


tthe city's 1935 population was used to represent the mean for the 
1931-40 period. 
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to the period 1956-65 (mean population 300, 000+) as a function of temperature, 
and on a monthly basis. The apparent warming of Edmonton was least from late 
winter to late spring. A gradual increase extended poe summer and 
fall to a maximum in December. From Fig. V-4 (upper curve), it can be 
seen that, excluding the dip around 0°F, the apparent warming of Edmonton 
was only slightly dependent on temperature below 50°F. Above this temper-— 
ature, the change in the difference declined to about zero at 70°F. 
Lime Series! of Minimum Temperatures 

Figs. V-1, V-6, and V-7 give analogous results for minimum temperatures. 
In contrast to the maximum values, there was no distinct minimum in the ” 
Edmonton-Wetaskiwin differences prior to 1940. An abrupt increase in the 
yearly mean values (Fig. V-1) occurred about 1943, followed by a decline 
to about 1946. Coincident with a period of rapid expansion of Edmonton, 
oe an apparent warming of the city from 194/ to 1959, Al period of 
cooling in the early 1960s was followed by a nearly complete recovery by 
1966. It is to be noted that this cooling period occurred about 4 years 
later than did the one for maximum temperatures. 

There was a general consistency to this pattern on a month-to-month 
or range-by-range basis, although spring and summer months showed weak 
minima in the 1940s. 

The application of a paired t-Test to the yearly values of Edmonton- 
Wetaskiwin minimum temperature differences indicated that on the average, 
a ditference of 0.5°F was significant at the 99 per cent level. The 
vertical bar on the curve of yearly minimum differences (Fig. V-I) repre- 


Sents Enis interval. Lt Ws apparent that, In terms of this t-Test, the 


tthe city's 1960 population was used to represent the mean for the 
1956-65 period. 


7 as 


Sas ee 
et AS AL eae at; ils . 
do as. “ah. ve pias hd 7 

loved) de. a oe gals . give. il 


‘ ; 

They inpaints Viste ign bala aban Tvl tly 8 aa 

: : : +n = 

| aaa tk), Croce coat ita as -tnclon dele ite 

ae 

PieesaA:i la anti Ineveaeraitat a Voewtan gi? we qabinn | 
ay 

7 Re. Z i Pu ehagtas ih tates se 

sot) 94 2 Teegatieuk’ woaesuTi: * sigees ajaald 

cede 2 eens Gt aan 


- 


ce 


Aro} bt. SURG! BNO c/. ' fe BR PNT 
w : i 
Pore | i 3 ' aie : a te ems a 3 
oor y ’ L> 
ia ’ 
“y* ' ’ : ; 7 
if ow! ; ° . ay dees aar Dy 
a0 4a yOu! 4uen l/s (f° fire guy og wals Ga 
Tita PA uo Tat An ug 83.¢8 LP 
i" 
a] 
: “MOUs toss 1) oo HI #98 ueds i 
Bi ige 47 Led ri) ‘ Oats (Tih Urs oa | wriie eo 18 


bias |i > j ee j i é i a Mevbitirs H i rw ay 
dees “a a 


: =pbriacks [™ 4ail¢e obs of} 1) Ses S shy & S50 ae 


7 eae? BLS RY Ge Fink) NAZAN/S fev) UOT UTE Ores, yes 


. bed Str Fe ese 2e VC Sere Fie lL Wh wig a) » 


. wr 
pat AIS)! NOM ILA om om ana) 10 OAL | abnet s 


oes {aes tha wi artis pi Ai sive a? 41 R 


* % 


DIFFERENCE (°F) 


Fig. V-6a. Five-year running means of Edmonton 
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Fig. V-6b, Five-year running means of Edmonton-Wetaskiwin minimum temperat- 
ure differences by range. Broken lines represent yearly values. 
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declines in differences beginning in 1944 and 1961 were significant, as 
was the general upward trend that occurred through the late 1940s and 
1950s. Other fluctuations could also be considered as Significant; how-— 
ever, they were smaller and consequently of lesser importance to the gen- 
eral trend in differences. 

Fig. V-8 shows the change in the difference between Edmonton and Wet- 
askiwin minimum temperatures from the period 1931-40 to 1956-65. At 
temperatures below 5°F, the apparent warming of Edmonton was strongly 
dependent on temperature, decreasing from 5.6°F at -26°F to 1.8°F at 
5°F. Between 5°F and the freezing point, there was only slight temper- 
ature dependence. Above the freezing point, the amount of Edmonton's 
apparent warming decreased to about zero at 55°F. There are two major 
differences between this relationship and the equivalent one for maximum 
temperatures. First, the magnitude of the change was considerably greater 
in this case. Secondly, the strong temperature dependence exhibited by 
the minimum values at low temperatures was not apparent in the case of 
the maximum values. On a monthly basis, Fig. V-8 indicates that the 
change in the difference was least in July, and greatest in January. The 
amount of apparent warming was roughly constant at 1.2°F to 1.6°F from 
April to September. January showed the largest amount of warming, with 
an increase of 3.6°F. 

The Problem of the Edmonton Station Change 

As discussed in the preceding chapter, it is desirable to have some 
verification of the accuracy of the least-squares approximations used to 
compensate for relocation of the Edmonton observing site. To find such 
verification is not an easy task. One obvious approach to the problem 
is to examine the Edmonton-Wetaskiwin differences for the period around 


1937 when the transition between stations was made. The primary weakness 
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Fig. V-8. Change in the Edmonton-Wetaskiwin temperature 
differences from the period 1931-40 to the period 
1956-65. Values are for minimum temperatures. 
The lower graph gives changes on a monthly basis. 
The upper gives changes as a function of Calmar 


minimum temperatures. 
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84 
of this approach is that these differences could have been dependent on 
other factors which cannot readily be isolated. Urban influences are one 
possible factor to be considered. The considerable difference in loca- 
tion between Edmonton and Wetaskiwin constitutes another potential in- 
fluence, as previously discussed. 

In spite of the above difficulties, it is worthwhile examining the 
Edmonton-Wetaskiwin temperature differences around 1937 to see if any 
discontinuities, which could be attributed to the approximations used, 
actually appeared. The minimum temperatures are of primary concern, be- 
cause the required adjustments were much larger for these than for max- 
imum temperatures. On a yearly basis, Fig. V-1 indicates little change 
in the Edmonton-Wetaskiwin minimum temperature differences through the 
period 1930 to 1941. On a range-by-range basis (Fig. V=6) no discontinu- 
ity is noticeable around 1937. 

For maximum temperatures, there was little change in the differences 
between the years 1936 and 1938, as indicated in Fig. V-1 and Fig. V-2. 
However, there was a tendency for a distinct decrease in differences 
after 1938. Unfortunately, these difference values showed a distinct 
negative correlation with maximum temperature. This relation will be 
discussed in a subsequent chapter. For the time being, it is sufficient 
to note that the decline in differences after 1938 corresponded to a 
period of strong warming (see Fig. V-1). Possibly, this decline could 
be attributed, therefore, to increasing temperature. Consequently, we 
are left with no clear indication of discrepancies in maximum values 
caused by the station location change. 

In summary, it is apparent that the above discussion lacks the 


quantitative nature that would be desired. This is unavoidable, however. 
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If compensation for the change of site led to errors, they are mot at all 
discernable for minimum temperatures. If they occurred for maximum values, 


other factors have served to mask them. 


Functional Relationship between Edmonton and Wetaskiwin Temperatures 


In order to examine more closely the relationship between Edmonton 
and Wetaskiwin temperatures, consider first Fig. V-9 and Fig. V-10, which 
show the Edmonton-Wetaskiwin difference (as opposed to the previous fig- 
ures which showed the change in the difference) for the periods 1931-40 
and 1956-65. Values are given as a function of temperature and by month, 
for both maximum and minimum temperatures. 

In the 1931-40 period, for minimum values, the Edmonton-Wetaskiwin 
differences increased rapidly with temperature from -3°F at -30°F, to 
almost 3°F at 55°F. The primary weakness oF gist: type of temperature 
relationship is that it groups together spring and fall observations, 
which may be similar in temperature but quite dissimilar in other ways, 
such as stability. In this particular case, however, it can be seen 
that the spring and fall temperature differences were much alike. 

It is tempting to explain this relationship in terms of the differ- 
ences in latitude and elevation of the two stations. Referring back to 
Table IV-2, which gives the estimated mean temperature differences arising 
from these two factors, it can be seen that, roughly speaking, the com- 
puted magnitude and seasonal trend are in accord with the observed dif- 
ferences. Although latitude and elevation probably contributed to a 
considerable degree, two observations suggest that other considerations 
were involved as well. First, an equivalent comparison of Edmonton-Calmar 
minimum temperature differences showed an almost identical relationship, 


even though, in terms of both latitude and elevation, Calmar is closer 
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Pie. V=eo> Mean Edmonton-Wetaskiwin temperature differences 


for the period 1931 to 1940. The lower graphs give 
differences on a monthly basis. ‘The upper graphs 
give differences as a function of Calmar maximum 
temperatures (in the case of maximum temperature 
differences) and Calmar minimum temperatures (in 
the case of minimum temperature differences). 


86 


y 


= 
:f 


°. - shales Sul ag ts 


ae 3 


9At. Sage Dear | 
my te r' ma 


a" aol <t trilids 
+ 


> 


. 
i re ¥ aks a 


DIFFERENCE (°F) 


DIFFERENCE (°F) 


2 
Maximum temperatures 
1 fe) °. 
WA ee A N / 
ie) 
-1 ° fou Se 
os Goss6 
Minimum temperatures 
5) 
° Pe ae 
O° 
ee ag ae 
2 ° 
ae ae 


pee 


-30 -10 10 30 50 70 


Calmar temperature (°F) 


Minimum temperatures 


Maximum temperatures 


MONTH 


V-10. Mean Edmonton-Wetaskiwin temperature differences 
for the period 1956 to 1965. The upper graphs 
sive differences as a function of Calmar maximum 
temperatures (in the case of maximum temperature 
differences) and Calmar minimum temperatures (in 
the case of minimum temperature differences). 
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than Wetaskiwin to Edmonton. Second, Fig. V-9 indicates that the 

rapid change in difference with temperature exhibited by the Edmonton- 
Wetaskiwin minimum values was present to only a slight degree for the max- 
ima. While it would be unreasonable to expect both curves to be identical, 
it is difficult to explain such large discrepancies if only elevation and 
latitude effects were involved. 

In the 1931-40 period, the seasonal variation in Edmonton-Wetaskiwin 
temperature differences for maximum values differed considerably from its 
counterpart for the minima. Here, the difference was smallest in the 
spring, with Edmonton becoming relatively cooler through the summer and 
fall. The largest difference was in November. 

By the 1956-65 period, the Edmonton-Wetaskiwin differences for min- 
imum values had become much less dependent on temperature, apparently be- 
cause of the fact that the city had warmed most at lower temperatures. 

To a lesser extent; this was also true for maximum values, with the 
strongest warming having occurred in fall and early winter. 

Comparing Fig. V-8 and Fig. V-10, it can be seen that the nature of 
Edmonton's apparent warming, as indicated by the change in the Edmonton- 
Wetaskiwin minimum temperature difference, showed little resemblance to the 
actual difference in the 1956-65 period. It is therefore apparent that 
a simple comparison between temperatures at the two sites for a specific 
period would reveal little about urban influences. The relatively large 
difference in location makes this an extreme case. Nonetheless, it seems 
reasonable to be skeptical of the numerous studies which purport to show 
the effects of a city on temperature through a single-period comparison. 


Distribution of Differences 


Another insight into the nature of Edmonton's temperature change over 
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89 
the years can be gained from Figs. Vell, Y-12, V-13, and V-14.. For 
given time periods, these bar graphs give the percentage of days in which 
the Edmonton-Wetaskiwin temperature differences were of the magnitude given 
on the horizontal axes. 

It is worthwhile to consider theoretically what effect the devel- 
opment of an urban heat island would have on this type of distribution. 
To do this, consider the ideal case where there are initially two rural 
stations whose temperatures, in the mean, are identical. Fig. V-15 gives 
a binomial distribution of temperature differences that might develop 
from the effectively random influences of differing weather situations. 
If the distribution is considered as being Station 1 minus Station peels 
is now possible to consider what change will occur if rural Station 1 be- 
comes a major urban area with a considerable heat island effect. Two 
simple models of this heat island are possible. Consider first one in 
which only a certain percentage of the days shows an urban influence. 
Thisswould)be in accord with the Rgonactian of Fuggle and Oke (1968), 
where a critical wind velocity was given above which the heat island 
ceased to exist (see Fig. II-l1). To be more specific, consider a model 
in which 50% of the days show no temperature change as a result of urban 
development, 30% show a 3°F increase, 15% show 6°F, and 5% show 9°F. 
Alternately, consider a model in which all days show some effect. Let 
the percentage of days with a given increase be as follows: 10%, 1°F; 
20ers HOZae oe Ps 20g, 4 ce 10,5 tab. 

Assuming all days are equally susceptible to warming, the results 
of superposing the first and second model onto the original distribution 
are shown in Fig. V-15. It can be seen that the model using a "cutoff" 


produces a distinct rightward skew in the distribution. City-country 


differences computed by Landsberg (1956) appear to show this effect, as 
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The effects of two types of warming (1 and Dies 
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can be seen from Fig. V=16, In the case of the second model, in which 


all days are affected, there is no Skewing, or in other words, symmetry 


is maintained. In both cases the standard deviation is increased, with 


the maximum being less sharp. This is especially true for the "cutoff" 


model. 


Fig. V-15 also includes the effects of superposing the first and 
second models given above on a distribution initially skewed to the 
left. In these two cases the Slope of both sides of the distribution 
becomes more gradual. This is especially true for the right side in the 
case of the model in which only some of the days are affected. 

Returning now to the bar graphs for maximum temperatures (Fig. V-1l 
and Fig. V-12), it is apparent that, for the early 1931-35 period, the 
distributions of Edmonton-Wetaskiwin caerepences were not normal, but 
showed a pronounced skewing to the left, especially at low temperatures. 
Except for Range 1 there was, however, a distinct maximum at zero dif- 
rerence. By the later 1951-55 ie there was a considerable change 
in the distributions of these maximum values, at least for Range 1 to 
Range 4, where Edmonton's warming was substantial. The distinct max- 
imum at zero difference diminished somewhat, as would be expected for 
the model. These distributions differ from the skewed model in that, 
after warming, there was a much sharper ge ieeee the maxima toward neg- 
ative values. Going toward positive values, the slope remained much 
the same. 

In order to explain the above differences, consider specifically 
Range 2 for maximum temperatures. In the earlier period, Edmonton was 
warmer than Wetaskiwin on 31 per cent of the days. By the later period, 


this percentage had increased only slightly to thirty-four. On the other 
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PERCENTAGE OF DAYS 


CITY-COUNTRY DIFFERNCE (°F) 


Fig. V-16, Percentage frequency of minimum temperature 
differences between urban and rural sites 
for Lincoln, Neb, Source: Landsberg (1956). 


hand, between the same two periods, the number of days with Edmonton 
more than 4°F colder than Wetaskiwin dropped sharply, from 30 per cent 
to 14 per cent. The amount of warming was sufficient to increase the 
number of days in the category in which Edmonton was slightly cooler 


than Wetaskiwin. However, this warming did not affect, to any appre- 


ciable extent, the part of the distribution.in which Edmonton was orig- 


inally warmer. It follows that the set of days which was most suscept- 


ible to warming contained those days in which Edmonton was coldest (in 


the 1931-40 period) with respect to Wetaskiwin. 


The explanation of the above effect probably depends, at least in 


part, on the difference in elevation between the two stations. Wetas- 


kiwin, being higher, would tend to be relatively warmer under stable 


conditions. This stability would normally mean less vertical mixing 


and lighter winds, hence these days should have been more susceptible 


to urban influences. 
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Prom Hig. V-l3 and Pig. Y-14 it ean be seen that the dioeripetious 
of temperature differences for minimum temperatures differed somewhat 
from those for maximum values. In the 1931-35 period, distributions of 
both maximum and minimum temperatures were left-skewed at low temperatures 
(Range 1 and Range 2). However, in warmer weather (Range 5 and Range 6), 
the distributions of minimum temperature differences were right-skewed, 
while those for maximum temperature differences remained skewed to the 
left. This change from a left-skew in colder weather to a right-skew 
in warm weather may have been related to latitude effects, which would 
tend to make Wetaskiwin warmest, relative to Edmonton, on colder days. 
The increased sharpness of the drop from the maximum toward negative 
values in the period 1956-60 was indicative of the fact that the set of 
days which underwent the greatest amount of warming consisted of those 
days in which Edmonton, in the 1931-40 period, was coldest relative to 
Wetaskiwin. This pattern of warming was similar to that of the maximum 
temperatures. 
Time Series for Large Edmonton-Wetaskiwin Differences 

The nature of Edmonton's warming, as discussed in the preceding 
section, can be seen in a simpler way by consideration of Fig. V-l/ and 
Fig. V-18. To compute these time series, the 10-percentiles of those days 
in which Edmonton was warmest in relation to Wetaskiwin have been taken 
on a temperature-range basis. The values plotted are the five-year run- 
ning means of the mean difference between the two stations for these 
selected sets. 

For Range 1 of the minimum temperatures, it' is apparent that the 


mean difference for the 10-percentile of days with ‘the largest difierence 


generally increased for the post 1940 period, although at a much dimin- 
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Fig V-l7a. Five-year running means of the Edmonton-Wetaskiwin temp- 
erature difference for the 10-nercentile of those days upon 
which the difference was largest. Values are for minimum 


temperatures by range. 
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Fig..V-17b. Five-year running means of the Edmonton-Wetaskiwin temp- 
erature difference for the 10-percentile of those days 
upon which the difference was the largest. Values are 
for minimum temperatures by range. 
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Fig. V-18b, Five-year running means of Edmonton-Wetaskiwin temperature 
differences for the 10-percentile of those days in which 
the differences were the largest. Values are for maximum 
temperatures by range. 
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ished rate from the set including all days within the range (compare 
Fig. V-6). For the remainder of the minimum temperature ranges in Fig. 
V-17, there is little evidence of the apparent increase in Edmonton temper- 
ature with time manifested by the mean difference derived from all days 
in the range. Figs. V-2 and V-18 show similar results for maximum 
temperatures. In accord with the discussion of the bar graphs, these 
results point to the fact that, excluding very low minimum temperatures, 
there was, generally speaking, a set of days which was little affected 
by the city's general warming. This set consisted of days in which 
Edmonton initially had the greatest positive difference relative to Wet- 
askiwin. As discussed previously, stability considerations may play a 
major part in the explanation of this phenomenon. 
Effects of Cloud and Precipitation 

It was desired to estimate the influence of cloud cover on the 
apparent warming of Edmonton. Because cloud-cover data were not avail- 
able in suitable form, it was found necessary to use precipitation as an 
index. Observations were divided into those days having precipitation 
(more than a trace) and those days without. It was then assumed that, 
in the mean, cloud cover would be greatest on those days with precipi- 
tation, Obviously, this method gives a rather rough estimate of cloud. 
This is especially true in the case of the Edmonton area, where long periods 
of cloud cover may occur with little precipitation. In late spring and 
summer, the fact that much precipitation results from showers associated 
with brief afternoon or evening cloudiness could be another eaten 

In spite of these difficulties, it is of interest to consider the 
as indicated in Table V-l1, which gives values 


results of this approach, 


of the Edmonton-Wetaskiwin temperature difference divided into precipi- 


tation and no-precipitation categories. Ranges are given in groups of 
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TABLE V-l - EDMONTON-WETASKIWIN TEMPERATURE DIFFERENCES ON DAYS 
WITH (2.) AND WITHOUT (No.P.) MEASURABLE PRECIPI- 
TATION AT EDMONTON 


ee = 


Range 1&2 Range 3&4 Range 5&6 
Sc ee ee 
NOn Lae be HOw tes No. 2 P 
Max. temp. : 1951-40" ~=2.1 =2.4 sah Pa ede) —0.5 -1.6 
1956-65 -1.2 -0.2 =054° 5054 -0.7 -0.8 
change 0.9 Dak Oona og =0.2 0.38 
ee ee ee eee 
Min. Pemp.:; 1931-40 ~=1°5 =1.4 -0.4 -0.3 eo ae 
1956-65 Zh 9 ies Ze) eee le Bed Owe 
change Bisel ee Se cls6 eee Orel, 


two because of the relatively small number of days with precipitation. 

In the case of maximum values, Edmonton was, relatively speaking, coolest 
on precipitation days in the 1931-40 period. By the 1956-65 period there 
was a distinct reversal, with the city being relatively cooler on "dry" 
days. Apparently then, the warming of Edmonton at maximum temperature 
time was much greater on precipitation days. For minimum temperatures 
the situation was quite different. Here, the days without precipitation 
underwent by far the greatest warming in the city. 

In interpreting these results it must first be asked whether the 
changes were actually a result of differing amounts of cloud cover, or 
some other effect. For example, the greater amount of warming on "wet" 
days in the city for maximum temperatures could have been a result of 
reduced loss of heat to evaporation because of more efficient drainage. 
This type of question cannot be answered definitely; hence the problem 
Heureduced to a search for the most plausible explanation. In view of 
the fact that variations in cloud cover have a well established influ- 


ence on city temperature, it seems logical to attempt to ee ee 
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observed data in terms of this factor, 


The fact that for maximum temperatures in the 1931-40 period, Edmon- 
ton was warmest relative to Wetaskiwin on "dry" days could have resulted 
from the fact that relatively cloud-free air masses are more subject to 
heating from below, and hence tend to be more unstable. Wetaskiwin's 
higher elevation would have consequently made it relatively cooler. This 
effect is probably least in winter when insolation is weak. This is 
borne out by the data. Another factor could involve the frequent associ- 
ation of precipitation with frontal activity, which would tend, in the 
mean, to increase the north-south temperature gradient. 

During the day, the increased surface heating associated with 
smaller cloud amounts should tend to cause increased instability. The net 
result would be to increase mixing over the city and consequently en- 
hance the dissipation of excess urban heat, making city temperatures 
more homogeneous with those of the surrounding area. Assuming that 
days without precipitation have less cloud than those with precipitation, 
it would be expected, therefore, that the former days would show less 
increase in temperature as a result of urban expansion. This is in 
accord with the maximum temperature data. 

For the minimum temperatures the situation is somewhat different. 
Nights with less cloud tend to favor low-level stability as a result of 
more intense radiational cooling. Consequently, assuming that dry days 
have less nighttime cloud, it seems reasonable to expect that urban 
influences, as reflected in these temperatures, should be greatest on 
those days showing no precipitation. Again, the tabulated changes in 


the Edmonton-Wetaskiwin differences for minimum temperatures bear this 
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Sufficient data are lacking to either confirm or deny the above. 
However, under the circumstances, it seems to be the most reasonable 


explanation of the results. 
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CHAPTER VI 


THE INFLUENCE OF VARIOUS METEOROLOGICAL FACTORS 


Problems Involved 

In attempting 5 gauge the effects of urban expansion on Edmonton 
temperature by use of time series of Edmonton-Wetaskiwin temperature dif- 
ferences, it is pertinent to ask what other factors could have been influ- 
ential. In view of the fact that the city-country temperature difference 
depends to a great extent on the prevailing weather, it is not unreason- 
able to expect that year-to-year variations in such things as temperature 
and wind could have caused fluctuations in these series of differences. 
Additionally, these weather variations could have acted to influence the 
Edmonton-Wetaskiwin difference in ways unrelated to the urban regime. 

The previously-postulated effects of weather, arising £rom the diifterence 
in location of the two stations, are perhaps the most likely source of 
difficulty in this regard. 

In theory, the obvious approach to this problem would be the deter- 
mination and isolation of influential factors not directly related to 
urban expansion. In practice, for a number of reasons, this approach is 
difficult in the extreme. One major problem involves the lack of adequate 
theoretical understanding of the mechanisms controlling urban climate. 
Additionally, the various meteorological factors are interrelated in com- 
plex ways which vary from season to season. On a more practical level, 
available data may not have been sufficiently detailed to allow effective 


assessment of their roles. No values were available on an hourly basis. 
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Only precipitation and temperature were available on a daily Basis. 

It is not intended to suggest that the above problems are insurmount- 
able. An attempt to determine the influences of fluctuations in meteor- 
ological factors will be made Subsequently. It is possible that, with 
more detailed data and relatively sophisticated statistical techniques, 
considerably more progress could be made. 

Correlation and Comparison 

In a first attempt to determine what influence the above-discussed 
variations in weather could have had on the time series of Edmonton- 
Wetaskiwin temperature differences, correlation coefficients were comput— 
ed. Values were computed between differences on one hand, and temperature, 
sunshine, wind speed, and the number of days with precipitation on the 
other. Computations were done on yearly, monthly, and temperature range 
bases. Generally speaking, significant correlations did not appear. The 
few values which could conceivably be construed as significant will be 
aneeusced subsequently. 

In addition to the difficulties discussed in the first section of 
this chapter, there are two probable causes for the failure of this cor- 
relation technique. First, there were strong trends in the data (e.g., 
1948-58 for the yearly maximum differences, as in Fig. V-1). The second 
possible reason, which is not entirely without merit, is that the fluc- 
tuation of meteorological factors may have had no significant effect on 
annual mean differences. 

In addition to the use of correlation coefficients, a second tech- 


nique was employed in an attempt to relate variations inestationsditicr— 


ences to variations in other factors. Although devoid of the impressive 


theoretical trappings which tempt the use of more esoteric methods, it 
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nonetheless commends itself; if for no other reason than simplicity. 


This technique involves the Simple visual comparison of the time series 

of such factors as sunshine and wind with the series of Edmonton-Wetaskiwin 
temperature differences. 

The Influence of Meteorological Factors on Maximum Temperatures 

Referring back to Fig. V-l, which gives yearly values of the Edmon- 
ton-Wetaskiwin maximum temperature differences from 1929 to 1967, it can 
be seen that the curve contains a number of features of considerable 
interest. The first is the upward trend in differences occurring from 
the mid-forties to the mid-fifties. This period of increase coincided 
with a period of rapid expansion of the city (see Fig. III-3), and it is 
not unreasonable to suspect that the two factors were related. The two 
major minima in this difference curve, occurring around 1940 and 1960, 
complicate the picture, however. These minima, for the most part, remain 
when the data are subdivided into ranges or months, as can be seen from 
Fig. V-2 and Fig. V-3. : 

The question immediately arises as to what extent these minima, and 
indeed the general shape of the maximum temperature-difference curves, can 
be attributed to fluctuations in meteorological factors. As stated pre- 
viously, attempts to relate these factors to the differences failed in 
general. One possible exception was the -0.54 correlation coefficient 

Oe erretcane at the 99.5 per cent level from a t-Test) found between 
yearly mean values of Edmonton-Wetaskiwin maximum temperature differences 
and Calmar maximum temperatures. (The reason for the use of the some- 


what defective Calmar data for this type of comparison is discussed in 


the final portion of this chapter.) This inverse relationship between 


maximum temperature and difference can be seen clearly in Fig. V-l. The 
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two minima in yearly maximum differences occurring around 1940 and 1960 
corresponded to the periods when maximum temperatures were the highest. 
Conversely, the two periods when these differences appear to have been 
greatest corresponded to cold periods. Although this hardly constitutes 
proof of a cause-and-effect relationship, there is certainly an indica- 
tion of some degree of dependence. 

Postulating this relationship between temperature and difference 
immediately presents one difficulty. When introducing the classification 
of data into temperature ranges, it was pointed out that, for Range 2 to 
Range 5 at least, yearly fluctuations in mean range temperatures were 
small. If the two major minima in the difference curves were a reflec- 
tion of variations in maximum temperatures, the question arises as to why 
these minima appear in Range 2 to Range 5 data (Fig. V-2) which have this 
constancy in mean temperature. 

One possible explanation is as follows. Even though the year-to- 
year variations in mean temperature within these ranges were smallevit, is 
conceivable that yearly fluctuations could have affected the computed 
differences in a more indirect manner. For example a given range could 
have had exactly the same mean temperature on two consecutive years, 
even though the first year was abnormally warm, the second abnormally 
cool. The given range would have differed between the two years, however. 
In the first case, the range would have tended to consist of days which 
were abnormally warm. In the cold year, temperatures would have tended 
It seems reasonable to expect these differences to 


to be below normal. 


be of some significance. For example, taking an extreme case, a very 


cold day in April, with a maximum temperature of 30°F, would be consid- 


erably different than an unusually mild day in January with the same 
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temperature. 


In an attempt to determine the Significance of this effect, the mean 
departure of maximum temperatures from normal was computed by year for 
each temperature range. Five-year running means of these ee are 
givengin Fig. Vi—l and Fie. ViI-2. Calmar temperatures were used in the 
calculations, for reasons which will shortly be discussed. This use of 
Calmar introduced a degree of error into the data, as a result of the 
fact that, relative to other observing stations in this area, its maxi- 
mum temperatures increased in the late 1940s. The relative magnitudes 
of these changes in Calmar temperatures can be assessed from Fig. VI-1 
and Fig. VI-2, which include Wetaskiwin-Calmar temperature differences 
for each range given. It is apparent that, for Range 3 to Range 6 at 
least, the relative change in Calmar values ne small in comparison with 
the yearly changes in departures. In other words, for these ranges, dis- 
crepancies in the Calmar data did not appreciably distort the time series 
of Calmar departures. In Range 2, the warming of Calmar relative to 
the other stations in the area was substantial around 1949. The broken 
line in Fig. VI-l represents the estimated adjustment required to correct 
the Calmar departures for this change. 

Correlation coefficients were calculated between Edmonton-Wetaskiwin 
maximum temperature differences and the departures from normal at Calmar. 
The values are given on a range-by-range basis in Table VI-l1. These 
figures suggest that, for Range 2 to Range 6, differences were inversely 
related to the departure of temperature from normal. In other words, 
abnormally cool weather was Aen soe by the largest Edmonton-Wetaski- 
win maximum temperature differences, and vice versa. Thise is,in accord 


with the previously-mentioned fact that, on a yearly basis, maximum 
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TABLE VI-1 - CORRELATION COEFFICIENTS (r) BETWEEN EDMONTON- 
WETASKIWIN MAXIMUM TEMPERATURE DIFFERENCE AND DEPARTURE 
OF CALMAR MAXIMUM TEMPERATURE FROM NORMAL 


a ee ee 


Range al 2: 3 4 e 6 


c -.06 -.28 -.30 -.53 -.51 eee) 
“The 95% significance level (t-Test) is about -.30 


temperatures and differences were negatively correlated. 

This relation between differences and departures probably explains, 
to some extent at least, why subdividing the differences into ranges 
failed to eliminate the 1940 and 1960 minima which appeared in the year- 
ly mean values. The fact that the departure of temperature from normal 
could influence the value of the differences meant that classification 
of these differences into groups with little yearly temperature fluctua- 
tion did not eliminate the effects of year-to-year temperature changes. 

It is worthwhile to consider the relationship between Calmar depar- 
tures from normal and Edmonton-Wetaskiwin maximum temperature differences 
on a range-by-range basis, as shown in Fig. Vi-l and Pig. Vi-2.. the 
inverse relationship between these two factors, as indicated by the neg- 
ative correlation coefficients, can be seen clearly. Of particular 
interest is the period of increasing differences extending from the 1940s 
tothe: 1050s «7, For Range 2 to Range 6, this increase was approximately 
coincident with a decline in departures. The decline in differences 
occurring in the late 1950s generally corresponded to an inc¢rease in vde- 
The exception was Range 4, where both departures and differ- 


partures. 


ences remained approximately constant after 1950. Range 1 has been 


omitted from this discussion. There was little apparent relationship 
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Bie. ViEl- Edmonton-Wetaskiwin (Ed-Wet) and Wetaskiwin-Calmar 
, (Wet-Cal) maximum temperature differences for Ranges 
9 and 3, Included are departures of Calmar maximum 


temperature from normal (Cal-Nor). Alt data are five- 


year tunming means: 


lag 


° 
im, 

} 

i. 

i] 

i] 

r ~ 

f 

| 

i 

' 

r 

yr *\ 

j 


907 


a 
OR Or 


a 


‘ 
- ethitv inia Th) (70) 


at 


be 


~ “ 
a retin 


Prat iiar 


bd 7 _ : 
Sint 7? ean, 
ur 


=> ie 


4 


URES) 


RANGE 3 


O ENS ON ae Ce en eos 


Ed-Wet 


RANGE 2 


Wet-Cal == 


DIFFERENCES AND DEPARTURES (°F) 


Cal-Nor 


— 
1930 1940 1950 1960 
YEAR 


Fig. VI-2. Edmonton-Wetaskiwin (Ed-Wet) and Wetaskiwin-Calmar 
(Wet-Cal) maximum temperature differences for Ranges 
4 to 6. Included are departures of Calmar maximum 
temperatures from normal (Cal-Nor). All data are 


five-year running means. 
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114 
between departures and differences for these cold-weather values. 

These relationships between maximum temperature and difference cast 
doubt on the degree to which the effects of urban expansion are reflected 
in the Edmonton-Wetaskiwin maximum temperature differences. It appears 
that, to some extent at least, the increase in differences in the 1940s 
and 1950s may have been attributable to declining temperatures, not urban 
expansion. 

Tt is désirable to find some logical explanation for this’ reélation-— 
ship between departures of maximum temperature from normal and differ- 
ences. One plausible explanation is as follows. Abnormally warm days 
are probably those with relatively intense daytime heating. This heating 
would produce low-level instability over the city, and hence enhance at- 
mospheric mixing and dispersion of urban heat. That little correlation 
was found at temperatures below 10°F (Range 1) could be indicative of the 
fact that weak insolation does little to modify the strongly stable air 
masses typical of the winter season. This reasoning is in accord with 
the results discussed in Chapter V, which indicated that Edmonton-Wetas- 
kiwin maximum temperature differences probably increased more, over the 


period of record, for cloudy days than for relatively clear days. 


The Influence of Meteorological Factors on Minimum Temperatures 

Attempts to relate the Edmonton-Wetaskiwin minimum temperature dif- 
ference to sunshine, wind, temperature, percentage of days with precipi- 
tation, and departures of temperature from normal proved to be a failure. 
Referring back to Fig. V-l, it can be seen that three major features in 
the time series of yearly minimum differences beg explanation. The first 


is the pronounced decline in differences after 1943. The t-Test used 


suggested significance for this decline. An explanation is not readily 
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is 
apparent, however. Perhaps a change from coal to natural gas heating in 
the city could have been influential. This change would have reduced 
pollution levels over the city and consequently reduced the city-country 
difference in nighttime radiational cooling. 

Similarly, the decline in these differences in the early 1960s may - 
have been significant. As stated previously, the expansion of a city 
past some critical level--probably about 500,000 people--generally re- 
sults in only small increases in its temperature. This fact could serve 
to explain a plateau in the difference curve after 1960, but hardly a 
decline. 

The third major feature is the increase in difference from the late 
1940s to 1960. This increase coincided with a period of rapid expansion 
of the ee (see Fig. III-3). It appears most reasonable to attribute 
this trend to the warming of Edmonton resulting from this expansion. 

It is not meant to suggest from this discussion that the time series 
of Edmonton-Wetaskiwin minimum temperature differences were unaffected by 
variations in meteorological factors. However, any influence these fac- 
tors had was of a nature that could not readily be resolved. 

Use of Calmar Data 

Calmar temperatures were used for classification purposes, in spite 
of their suspected defects. for example, days were classified as to 
range in terms of the Calmar temperature. To clarify why this was neces= 
sary, consider the case of the departures from normal previously discus- 
sed. Table VI-2 gives correlation coefficients between the Edmonton- 
Calmar temperature difference and the departures of both Edmonton and 


g lation between 
Calmar temperature from normal. There was a strong corre 


q ' a 
Edmonton-Calmar differences and Edmonton's departure from normal. However, 
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TABLE VI-2 - CORRELATION COEFFICIENTS* BETWEEN THE EDMONTON-CAZMAR 
MINIMUM TEMPERATURE DIFFERENCE AND THE DEPARTURES OF EDMONTON (rl) 
AND CALMAR (r2) MINIMUM TEMPERATURES FROM NORMAL 


Range ih 2 3 4 5 6 
EL .64 mee! ee) -46 .66 .84 
a2, 0 307 -.27 -.04 -.05 “25 


a 


arhe 95% significance level (t-—Test) is about -.30 


correlation between the same differences and Calmar's departure from nor- 
mal did not appear to be particularly significant. 

The example given in Table VI-2 indicates that caution must be exer- 
cised in interpreting computed correlation coefficients, even when their 
magnitudes are large. To explain the inconsistency in this single exam- 
ple would be difficult--a number of factors could have played a part. A 
similar effect, however, appeared repeatedly while processing the data, 
leading to the following probable explanation. Any attempt to correlate 
the temperature difference, x-y, between two stations against temperature 
(or some other closely related variable) at station x, produces a predis- 
position toward high correlation coefficients. This results from the 
fact that on a day for which the temperature at station x is relatively 
high for any reason, the x-y difference will also tend to be high. 
Hence, a substantial positive correlation can be produced between, say, 
the x-y temperature difference and the station x temperature, even though 
in any meaningful sense of the word, the relationship is actually random, 

To eliminate this distortion of the data, it was found necessary to 
use Calmar values as a reference for treatment of the Edmonton-Wetaskiwin 


differences. The selection of Calmar temperatures for the computation 


of departures from normal is an example of this use. Obviously, the use 
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of Calmar data in any way is not ideal, in view of the apparent discrep- 


ancies in temperature at the station. Fortunately, these apparent changes 


at Calmar were relatively small, being about 1.5°F in the mean. 
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CHAPTER VII 


EVALUATION OF THE EFFECTS OF URBAN EXPANSION 


Method of Representation 


The primary ee conen chosen to estimate the effects of urban expan- 
Sion on temperatures in Edmonton was computation of the change in the 
means of Edmonton-Wetaskiwin differences. The change from the 1931-40 
period to the 1956-65 period was taken. These periods were quite long; 
nonetheless, there Ane a substantial population increase from the ear- 
lier period (mean population 85,000°) to the later period (mean popu- 
lation 300,000+). Shortening the periods would have permitted repre- 
sentation of a larger change in city size. It was felt, however, that a 
period of 10 years rae ene minimum acceptable length. Shorter periods 
would have increased the risk of interpreting changes in the differences, 
resulting from other factors, to the city's expansion. This was a 
particularly acute problem when dealing with Edmonton-Wetaskiwin temper- 
ature differences. As previously discussed, the considerable difference 
in location of the two stations could have made temperature differences 
between them subject to variations in meteorological factors in ways 
unrelated to urban climate. 

Lipis) important tol aerine precisely what this approach, involving 
the comparison of data between two periods, really implies. Strictly 


Dee eee eee eee eee eee eee ee 


line city's 1935 population was used to represent the mean for the 
1931-40 period. For the 1956-65 period, the 1960 population was used. 
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TLS 
speaking, there is no measure of the effects of urbanization relative 
to the rural setting. At best, the data provide a measure of the change 
in urban effects over a specific period of growth of the city. For ex- 
ample, a statement such as "the strong temperature dependence of the 
amount of Edmonton's warming in winter is probably indicative of the 
dominant influence of space heating on the city's temperature regime 
in thisseason" is not in the strictest sense of the word correct. Abso- 
tute accuracy would require stating that the factor was dominant in 
determining the change in the city's temperature regime for the specific 
period of expansion involved. This point is of considerable importance 
in that there is little information as to the nature of urban effects 
in the 1931-40 period. For example, it is possible that in this early 
period, which had a mean population of 85,000, certain urban effects may 
have already been established to the point where considerable further 
expansion of the city would have changed them very little. The compari- 
son approach used would not resolve Shoat factors. 
Minimum Temperatures 

Changes in minimum temperatures are the simplest to deal with. Refer- 

Ging back to Fig. V—-l, it can be seen that changes im the: Edmonton—Wwet— 
askiwin differences were small prior to 1940. A relatively uniform ap- 
parent warming of Edmonton coincided with the period of the city's ex- 
pansion, except for a decline in the early 1960s. There was little 
resolvable correlation between these differences and the year-to-year 
variation in meteorological factors. Consequently, temperature changes 
between the two 10-year periods mentioned above probably gave a reason- 
able measure of the effects of urban expansion. The possible influence 


of other factors cannot be entirely ruled out, however, 
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The average increase in the Edmonton-Wetaskiwin minimum temperature 
difference from the 1931-40 period to the 1956-65 period was found to be 
2.2°F, indicating a substantial amount of warming for the city. Fig. 
VII-1 gives this change in the difference on a monthly basis. Included 
in this figure, and in Fig. VII-2, are monthly values of other factors 
which, as discussed in previous chapters, may affect the seasonal vari- 
ation in city-country temperature differences. The values of percentage 
of available energy provided by natural gas consumption and automobiles 
were extracted from Fig. III-10. The other factors given are graphical 
representations of previously-tabulated data for Edmonton. The numbers 
of Degree Days come from Table II-8, percentage of total possible sun- 
shine from Table II-10, and mean city wind from Table II-7. The stab- 
ility data for daytime and nighttime periods represent Djurfors' (1969) 
summary of 1 year of data for downtown Edmonton (Table III-3). The 
10-year mean stability figures for a rural location near Edmonton also 
come from Table III-3. 

Roughly speaking, Edmonton's apparent increase in minimum temperatures 
was least, and approximately constant in magnitude, from April to Sept- 
ember. All months showed an increase of at least 1°F. Outside this 
period of nearly constant change, warming increased rapidly to a max- 
imum of 3.6°F in January. 

Referring back to Fig. V-8, which gives the same changes as a func- 
tion of temperature, instead of by month, it can be seen that Edmonton's 
apparent warming was strongly dependent on temperature between 0°F and 
-20°F. The maximum amount of warming, 5.6°F, occurred at the lowest 
computed temperature value, -26°F. At temperatures below -20°F, there 


is a suggestion that this temperature dependence diminished. Between 
o 


_ 


- us) oe a oe Aa | 
! iva aoe ree ides beat ate. | pany 


4 
er Ce. marin 4 TAs 


oo) bev? gav bots, tie see ates Sone sila 


i * 73 j 
* Py | Het rear me nates Re stiser an ai pie ve dian 
* a ‘ “ =f 50 
=} eri 
| i} - video" & fu 5 yet putt bon iJ - ns cs = A ° 
: D b> » bhuw q 4 rif: 
swsuluy. Wlelthorwss SEY «% a as | ee pl? ak 
) 13 at : “2 | 
7 
| Lag yet . fart 5 ! ay mi Ree capes “4 
: ee * 7 
< +h mid jine? yar Esra ia 
‘ aa . ) § aoe ei) Vil f tveavtq sHvann nia 
ne a -" 
4 eatin, rik " ‘Oi eitt .% tone td pee ‘s a 
: Ge ae errr ' , >o Bey —ae 
Mi 7 a 
' ’ —' - 1% 
rei I 703 ey Al : 117 iT a" y i.e? 4 if i <5> non ‘39 “en 
oT 2 diet ral 
bss ‘go 9 “ ab 
: i) ful wopocule aye daee ; 
| ‘ ‘ a! i +7 ‘ T us , 
' 
i Port ay i et 
wae vbw tags et Spaeth 
| : - 
: , bit) _ TAS uf 419’ DATSI TW bi Tai eo ae = > ae 
= J - -“ 7 7 - Ra : 
' 1 gle Y hoceetynl, Sh itgpe poykane’ are chreait te 66 
7 ¢ << 
ft b i i > ous Way) eee era -~¥ ii oo 
> 
iy y 
1 : 4 a »@ > i sne 4 vid Yer Tc eat: Ae 
& NVI AAs ,} ny yl LER?) « a) j 7 


yy 
~ fen "°A + ii! Cini royme? ne sacl tt ies 


Ly ee 
So; wo) utd 26 IS edoas ae Al i rs 


‘ie Vrere : 

7 Pare x bf. =P pula’ “waewall sepa i 
"anal s a ae 1 . 

a jul ate ati a r Seb. wy teyogn 


7 
ao 


a 
ia 
7 - 


7 
2 


MPH CC) 200m PER CENT NUMBER OF DAYS 


CHANGE (°F) 


N 
o) 
o) 
oO 


1000 j 


10.0 } 


tae 


M A M J 3) A S O N D 


MONTH 

Change in the Edmonton-Wetaskiwin minimum temper- 
ature difference (curve A) from the period 1931-40 
to the period 1956-65. Other factors that may inf- 
luence this difference are included. 
Legend: B. Mean Edmonton (city airport) wind. 

C. Mean lapse rate for 2200-0500 MST 

D. Percentage of available energy provided 

by natural gas consumption and autos. 

E, Degree Days for Edmonton 
These curves are derived from previous tables (see 
text) which give sources. 
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Fig. VII-2. 


MONTH 


Change in the Edmonton-Wetaskiwin maximum temp- 
erature differences from the period 1931-40 to 
the period 1956-65 (curve A). Other factors 


that may influence these differences are included. 


Legend: B, Mean lapse rate from radiosonde data. 
C, Mean lapse rate for 0900-1800 MST. 
D. Percentage of total possible sunshine. 


These curves are derived from previous tables 
(see text) which give sources. 
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10°F and 30°F, the amount of warming was nearly independent of temper= 
ature, Above the freezing point, the amount of warming decreased with 
increasing temperature, to zero at 56°F, 

The fact that the amount of Edmonton's warming depended so strongly 
on temperature in cold weather suggests that energy from space heating 
Wasa major determinant. That this could be the case is not surprising. 
Edmonton's unusual combination of very high stability and light winds 
should act to produce low dispersion rates in winter months. Poor 
dispersion would serve to accentuate the effects on city temperature 
produced by the relatively large amounts of space heating required in 
this season. Of interest is the sudden diminishing of the rate of in- 
crease of warming at temperatures below -20°F. Referring back to Fig. 
EDi-9 it Can*be seen ‘that’ Robertson's (1955)) fieures sive @ similar 
plateau in the rate of natural gas consumption in very cold weather. 
Although there were insufficient data to draw definite conclusions, it 
is worthwhile speculating as to whether the two effects are related. 

The substantial increase in the frequency of fog in the city at tem- 
peratures below 0°F may have contributed to the magnitude of the city's 
warming in winter, both through latent heat release and long-wave 
radiation attenuation. It is to be noted that this substantial increase 
in winter temperature occurred in spite of the relatively low levels of 
particulate pollution over the city in winter months. This suggests 
attenuation of outgoing radiation by particulate pollution was not an 
essential factor in development of the city's minimum temperature excess 
ioe wanter. 

An explanation of the nature of the apparent increase in the Citys 


minimum temperatures in warmer months is more difficult. The two major 
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Daa in this regard are the roughly constant amount of temperature 
increase (l.2°F to 157°#): whichcvoccurred between April and September, and 
the small magnitude of this increase on very warm nights. Borethis) per— 
iod, the amount of heat generated in the city was small, both in compari- 
son with winter values, and as a percentage of the total available eyergy. 
This does not mean that its influence can be ruled out completely. How- 
ever, differences -in city-country radiation rates, and perhaps release 

of stored heat, are generally considered as the major sources of city 
temperature excess in these warmer months. 

The significance of reduced outgoing radiation rates over the city 
may explain why the amount of Edmonton's warming was small on very warm 
nights. The city-country difference in these rates is generally least 
on cloudy nights, when energy loss by means of long-wave radiation is 
relatively small. This low level of radiational cooling probably implies 
that these cloudy nights would also be the warmest. 

Another possible explanation of this apparently small amount of 
warming entails the fact that the determinants of the city's temperature 
excess on very warm nights may have been largely established by the 
initial 1931-40 period, and hence as previously discussed, not appreciably 
affected by further urban expansion. 

The second major feature of warmer months, the approximate constancy 
of the apparent temperature increase from April to September, is not in 
accord with the typical effects of urbanization in other locations, which 
result in a minimum city temperature excess in spring, and a maximum in 
fall. This typical pattern is associated with the increase in nighttime 


stability and decrease in wind which normally occur from spring to early 
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Rererring to Fis, VII-1, it can be seen that these trends in wind 
and nighttime stability are generally adhered to in Edmonton. In addi- 
tion, Table III-4 indicates a pronounced decline from spring to fall in 
the frequency of winds from the northeast and from the north. These 
directions give the shortest urban trajectories to the air DrLOr I tCoOgLes 
arrival at the airport observing site. 

Apparently, therefore, dispersion rates over Edmonton decline from 
spring to fall, and coincidently, there is an average increase in the 
length of urban trajectory of the air prior to its arrival at the airport. 
therefore, was there no significant increase in the amount of warming of 
minimum temperatures over this period? Assuming that the data truly 
reflect the effects of urban expansion, there is no obvious answer to 
this question. The simplest explanation would be that, for this part— 
icular period of expansion of the city, the factors causing the increased 
urban temperature excess were relatively unaffected by the magnitude of 
the seasonal trend in ioncee anaear ees Unfortunately, this magnitude 
appears to be substantial. One difficulty arises at this point, however. 
Wind and stability data represent mean conditions for all days of the 
month. As discussed in Chapter V, for warmer weather, only a limited 
number of days underwent warming. It is possible that these days cor- 
responded to days for which dispersion rates were below some critical 
value. This being the case, changes in the monthly means of wind and 
stability (or other factors such as pollution) may not give an adequate 
representation of the change in the number of days below the critical 


leyel. 


At any rate, the apparent increase in Edmonton minimum temperatures 


in warmer months is most likely attributable primarily to reduced long- 
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wave radiation rates oyer the city. Nighttime release of stored heat could 
also have been a factor, although, in comparison with a highly built-up 
downtown area, the general airport area where temperatures were recorded 
did not appear to be particularly favourable for this effect. 
Maximum Temperatures 

As previously discussed, the Edmonton-Wetaskiwin maximum temperature 
differences appeared to be dependent to some extent on the year-to-year 
variation of maximum temperatures. Consequently, caution must be used 
in interpreting the results. By taking changes in the difference be- 
tween two 10-year periods, the effects of this dependence can be re- 
duced. Unfortunately there was, however, through the period of study, 
a gradual decline in maximum values. This decline is illustrated in 
Table VII-1l. Since this relationship between differences and temperatures 


TABLE VII-1 - MEAN CHANGE (C) IN WETASKIWIN MAXIMUM 
TEMPERATURES FROM 1930-41 TO 1956-65 


Month J F M A M J J A S O N D Annual 


GG hs 3.0° “159.223 -—0).6-1.2> 007 =1.0 —1.0 —2.5.-1 1 065-7 lL 


appeared to be inverse in nature, it is not impossible that at least some 
of the increase in Edmonton-Wetaskiwin maximum temperature differences 
could have been attributable to a temperature decline, instead of to 
urban influences. Comparison of the changes in temperature given in 
Table Vil-1 with the chanses in difference given in Fig. Vil-2 does not, 
however, indicate any simple relationship between the two factors. For 
example, the general increase in the change in the differences from 


June to December .did not correspond to any discernable trend in the 


change in the magnitudes of maximum temperatures. 
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At best then, it is to be hoped that the changes in the maximum 
temperature differences between the 1931-40 period and the 1956-65 
period were not seriously distorted by the typically small decline in 
mean maximum temperatures represented in Table VII-1. Assuming this to 
be the case, the increase in Edmonton maximum temperatures between the 
two periods was, in the mean, 0.7°F. The seasonal trend in the amount 
of apparent warming, from near zero in spring to a maximum of 1.9°F in 
December, was in Beced with the coincident trends of increasing daytime 
stability and decreasing wind, as indicated in Fig. VII-2. It is dif- 
ficult to explain, however, why this apparent warming should have de- 
creased so sharply from the December high to near zero in February. 

What appeared to be a strong influence of the production of heat in 
the city on changes in minimum temperatures was not evident for maximum 
values. The fact that the maximum amount of apparent warming of these 
latter values occurred in early winter is probably in part attributable 
to high levels of space heating. As previously discussed, for minimum 
temperatures the influence of artificially produced heat was probably 
reflected in the strong temperature dependence of the amount of warming 
at temperatures below 10°F. Reference to Fig. V-4 indicates this de- 
pendence was lacking in the case of maximum values. The problem is con- 
fused, however, by the sharp drop in apparent warming in the latter part 
of the winter. 

Fig. V-4 indicates that Edmonton's apparent warming for maximum 
temperatures was nearly independent of temperature between 10°F and 
50°F. Too much significance should not be attached to this fact however, 
because to a considerable extent it probably reflects a balance between 


low spring values and relatively higher fall values. 
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Above 50°F the magnitude of the increase in temperature appeared to 
decrease to about zero at 70°F and above. Very warm days generally re- 
present days with intense solar heating. Sufficient instability (and 
hence dispersion of urban influences) could result from this heating to 
nearly eliminate city-country temperature differences. 

Mean Temperatures 

The seasonal warming trend indicated by the change in the Edmonton- 
Wetaskiwin temperature differences for mean temperatures is indicated in 
Fig. VII-3. Edmonton's apparent warming in this case was relatively 
constant at about 1°F from February to August. November, December, and 
January showed substantially larger amounts of warming than other months. 
General Remarks 

Table VII-2 summarizes the apparent warming of Edmonton for maximum, 
minimum, and mean temperatures, as computed from changes in differences 
between the two 10-year periods. The net increase of 0.8°C is comparable 
to the average figures for other cities given in Table II-l. It is about 
50 per cent higher than the mean figure given by Landsberg for cities of 
100,000 to 500,000 people (Table II-2). It must be borne in mind, how- 
ever, that values of city temperature excess, such as those given in 
Table II-1, were computed from differences in temperature between Gubal 
and urban sites. Consequently, the values of city temperature excess 
given in Table II-l are representative of a change in population from 
near zero at the rural sites, to over 500,000 (in most cases) in the 
city. In comparison, the computed increase in temperature at Edmonton 
is representative of an increase in population of only 215,000 (from a 
mean population of 85,000 in the 1931-40 period to a mean population of 
300,000 in the 1956-65 period). The fact that this increase of 215,000 


in city population could have produced an increase in temperature com- 
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TABLE VII-2 - AVERAGE VALUES OF EDMONTON-WETASKIWIN 
TEMPERATURE DIFFERENCES FOR THE PERIODS 
1931-40 AND 1956-65 


Temperature (°F) Max. Min. Mean 

Bn eae oe ee ee Fe a Te oe ee a ee 
1931-40 eA ae OFA -0.5 
1956-65 -0.5 263 0.9 
change Om (Ons eG) eee Cline eC) IeALOeS Cy) 


parable to the eotneunis differences given for other large cities can 
probably in part be explained in terms of the combination of low dis- 
persion rates erawite large magnitude of space npeties which occurs in 
colder months. 

In view of the fact that most of the city temperature excess gen- 
erally develops before the city's population grows past the half-million 
mark, it is possible that’ the period of study corresponded (o> the crit— 
ical growth period as far as temperature increase was concerned. It is 
of interest to speculate as to whether the interruption in the warming 
trend in Edmonton around 1960 was, at least to some extent, indicative 
of the onset of a period in which temperature increase as a result of 
urban expansion became less. 

A final word is necessary regarding the representativeness of the 
data from the city airport, which is well away from the city center. 
Daniels' (1965) isotherm charts for the city (Fig. I1I-13 to Fig. III-16) 
indicate that the amount of city temperature excess recorded at the air- 
port was about one half the maximum, which generally occurred near the 
city center. In view of this fact, it is tempting to suggest that the 
increase in temperature in the downtown area would have been consider- 


ably greater than at the airport. In reality, it is not impossible that 
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Fig. VII-3. Change in the Edmonton-Wetaskiwin mean temperature 
differences from the period 1931-40 to the period 
1956-65, 
the reverse may have been true. In the 1931-40 period, downtown 
Edmonton was already surrounded by a substantial urban area. It was 
after 1940 that urban development occurred around much of the airport. 
It is not impossible that the net effect of this development pattern 
could have been ee increase airport temperatures more than those in the 
downtown area. In view of the lack of data in this regard, it appears 
unwise to attempt to draw firm conclusions about temperature changes 
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CHAPTER VIII 


SUMMARY 


Validity of Results 

There were two basic difficulties involved in the use of time series 
of Edmonton-Wetaskiwin temperature differences to gauge the effects of 
urban expansion on the city's temperature. First, because the city- 
country temperature difference varies greatly with changing weather pat- 
terns, there was a risk that year-to-year fluctuations in such meteoro- 
logical factors as temperature could have influenced the computed differ- 
ences. Second, the substantial differences in latitude and elevation 
between the two stations created the risk that variations in meteorologi- 
cal parameters could have influenced the Edmonton-Wetaskiwin differences 
in ways unrelated to urban climate. 

A detailed analysis of the data failed to indicate that these two 
difficulties were important in the case of minimum temperatures, when 
data were in the form of time series of, say, monthly or yearly means. 
There was no evidence, therefore, that the general upward trend in the 
minimum temperature differences was related to factors other than urban 
éxpansion. 

The te tee for maximum temperature was more difficult. Apparently, 
there was some form of inverse relationship between differences and temp- 
erature. This influence could be reduced somewhat by taking mean changes 
in the differences between two 10-year periods. Unfortunately there was, 
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later period. Hence, it is not impossible that some of the indicated 
increase in Edmonton-Wetaskiwin maximum temperature differences could 
have resulted from this decline, instead of from urban expansion. 
Minimum Temperatures 

Assuming a reasonable degree of accuracy in the use of Edmonton- 
Wetaskiwin temperature differences as a measure of urban influence on the 
city's minimum temperatures, it can be stated that the change in city size 
from a population of 85,000 to one of 300,000 produced a substantial 
2.2°F increase in these temperatures. In cold weather---minimum temper- 
atures below 10°F--the amount of warming was greatest, and strongly temp- 
erature dependent, increasing with decreasing temperatures to a maximum 
of 5.6°F at -26°F. The explanation of this behaviour probably rests with 
the combination of low dispersion rates and high levels of space heating 
in winter months. The fact that these substantial increases occurred in 
spite of low winter levels of air pollution would suggest that attenua- 
tion of outgoing radiation by this pollution was not an essential factor 
in the development of the city's minimum temperature excess in winter. 

The somewhat smaller amounts of warming indicated for summer months 
were most likely caused primarily by reduced long-wave radiation rates 
in the city. Some degree of support for this is given by cHeseden that 
the amount of warming declined to zero on very warm nights. These nights 
were probably those with extensive cloud cover and consequently -little 
difference in city-country radiation rates. Additionally, tor all téemp— 
erature ranges, warming was least on days with precipitation, which were 
presumably the days with most cloud. 

No simple explanation could be found for the near constancy of the 
amount of warming from April to September, in spite of increasing stabi- 


lity and decreasing wind through the period. Perhaps the available values 
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33 
for these latter two factors were not sufficiently detailed. 

At minimum temperatures below -15°F, it appeared that all days under- 
went some degree of warming. For warmer temperatures, there was a set of 
days upon which urban expansion had little effect. These were days upon 
which Edmonton was, in the early period, warmest with respect to Wetas- 
kiwin. Relatively less stable conditions may have been associated with 
these days. If this were the case, relatively high atmospheric dispersion 
rates would have tended to minimize city-country temperature differences. 
Additionally, the Edmonton-Wetaskiwin maximum temperature difference 
would have tended to be higher on these less-stable days because of the 
higher elevation of the latter station. 

Maximum Temperatures 

For the reasons previously discussed, caution must be exercised in 
interpreting the apparent warming of maximum temperatures, as indicated 
by the Edmonton-Wetaskiwin differences. Nonetheless, the seasonal trend 
from little warming in spring to a maximum in December was in accord with 
both typical results from other locations, and the local seasonal varia- 
tion in wind and daytime stability. The abrupt decline in the amount of 
warming in the latter part of the winter is not easily explained, however. 
Perhaps the influence of changes in mean maximum temperature played a 
part. 

Apeany rate, “the indicated amount of warming of maximum temperatures 
was, in the mean, 0./7°F, or only about one third the amount for minimum 
walues?) This is to be expected: in view of the fact that eity-country 
difference is generally small in the early afternoon when maximum temp- 
The largest monthly increase was 20 OB, 


eratures are normally recorded. 


in December. Although this maximum amount of warming occurred in a period 
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when the amount of space heating was large, no clear indication of the 
role of this heat source could be found. 

There was a number of days which appeared to be unaffected by urban 
expansion in the case of maximum values. As in the case of minimum temp- 
eratures, these were days in which Edmonton, in the earlier period, was 
warmest with respect to Wetaskiwin. This effect could be seen in all 
temperature ranges. 

In contrast to minimum values, maximum temperatures showed greatest 
apparent warming with time in the city on days with precipitation. This 
was probably indicative of the fact that city-country difference in the 
afternoon was greatest on cloudier days, perhaps because of increased 
stability. 

General Remarks 

The mean increase of 1.4°F in Edmonton's temperature was substantial 
in view of the relatively modes rs gain in population between the two 
comparison periods used. The combination of low atmospheric dispersion 
rates and high levels of space heating was probably partly responsible 
for the size of this increase. Additionally, the period studied may have 
been the critical period in which much of the city's temperature excess 
developed. The interruption in the upward trend in differences around 
1960 may have been evidence of transition to a period in which further 
temperature gains resulting from urban expansion were small. 


ee aaa 
ee ee 


tiRelatively modest" in comparison with the population "increase" 
represented by comparison of temperatures at a rural site and in a large 
Clive This matter is discussed in Chapter VII. 
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It must be remembered that the data presented are representative of 
the airport observing site, roughly 2 miles from the city's center. 
Extreme caution must be used in attempting to apply these results to 


other areas of the city. 
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